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ABSTRACT 
 
Florida scrub is a xeromorphic upland shrub community dominated by evergreen oaks 
that resprout after fire, occurring on moderately to excessively well-drained nutrient-poor sand.  
Scrub is home to several threatened and endangered animal species (e.g., Florida scrub-jay, 
gopher tortoise, and indigo snake) and rare and endemic plants.  Urban development and 
agriculture has greatly reduced and fragmented scrub habitat, and because of this Florida scrub is 
considered one of the most endangered ecosystems in the United States.  Climate change is a 
further threat to Florida scrub.  Under a warmer and drier climate, scrub species will be exposed 
to more frequent and more severe droughts.  In order to understand how scrub will respond to a 
changing climate, we must first have a better understanding of how scrub species respond to 
climate and water availability.  In this dissertation, I use a combination of dendrochronology and 
plant physiological techniques to examine species responses to climate and water availability. 
In chapter two, I use dendrochronology to examine the importance of seasonal climate on 
growth of three co-occurring species in Florida scrub, myrtle oak (Quercus myrtifolia Willd.), 
Chapman oak (Quercus chapmanii Sarg.), and south Florida slash pine (Pinus elliottii 
Engelmann var. densa Little & K.W. Dorman).  This is the first dendrochronology study on co-
occurring scrub species.  Therefore, my first goal was to ask whether Chapman oak and myrtle 
oak put on distinct annual rings with year to year variability that would enable successful 
crossdating.  Because I found that each species does have annual rings that can be crossdated, my 
second goal was to ask how growth in each species responds to climate and its extremes, drought 
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and extreme precipitation.  Growth in both oaks was positively correlated with spring 
precipitation, while slash pine total and latewood growth was positively correlated with April 
and September precipitation.  Slash pine earlywood growth was positively correlated associated 
with increased winter precipitation.  In all three species, growth was sensitive to both annual and 
spring droughts.  However, only slash pine exhibited increased growth with precipitation 
associated with tropical weather during July-September.  Earlywood growth of slash pine was 
positively correlated with the Niño 3.4 index: colder, wetter winters tended to be associated with 
increased earlywood growth.  The between-species differences in response to seasonal climate 
may be due to differences in growth phenology.  For both oaks, the climatic limiting factor was 
water availability in the spring, which is when the majority of radial growth occurs.  By contrast, 
for slash pine, growth was limited by precipitation in the spring and late summer, its peak growth 
period. During the period for which we have a dendrochronological record (1920 to present), 
precipitation in April has become increasingly correlated with growth for all three species; as it 
has become the driest spring month during this period.  
In chapter three, I use dendrochronology to determine the climate-growth relationships of 
the dominant oak in Florida scrub, myrtle oak, for five sites occurring on three different scrub 
ridges in central Florida.  My goals were twofold:  1) to ask whether the climate-growth 
responses of myrtle oak were robust across sites and 2) to ask how myrtle oak growth was 
affected by droughts (determined on both seasonal and annual basis).  Myrtle oak growth 
increased with increased spring precipitation; temperature had little effect on myrtle oak growth.  
The growth response of myrtle oak to moisture availability (measured by the standardized 
precipitation index (SPI)) in March, April, May, and June, was robust across sites, with the 
exception of Malabar West.  Myrtle oaks at Malabar West grew on poorly drained soils and were 
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less responsive to precipitation and drought than were oaks growing on the other sites.  March, 
April, May, and June SPI explained between 21.5 to 58.3% of the variation in myrtle oak growth 
for each site.  Seasonal droughts explained more of the variation in growth than annual droughts.  
Spring droughts decreased myrtle oak growth at all sites, and drought during the previous 
summer decreased growth at Malabar West.  Drought impacted growth for a single year; growth 
was normal or greater than normal during the year after drought. These results suggest that the 
timing of drought is important for myrtle oak growth, and that seasonal measures of drought are 
more important than annual measures of drought for determining growth impacts.    
In chapter four, I examine how the distribution and physiological functioning of scrub 
species vary along the ridge-swale topography at the Kennedy Space Center.  Climatic factors 
often limit species distributions and plant physiological functions over large elevation gradients. 
However, on small elevation gradients, hydrologic variation may have strong effects on the 
distribution of species and the physiological function within a species.  I used point-intercept 
sampling along a ridge-swale gradient at Kennedy Space Center on Merritt Island, Florida, to 
study how species distribution varied over a 1.2 m elevation gradient.  Data from water 
monitoring wells along the elevation gradient were used to ask whether elevation may serve as a 
proxy for depth to water table.  Elevation served as a good proxy for depth to water table; water 
table depth increased with elevation.  I focused especially on understanding how the distribution 
and physiological functioning of three co-occurring Florida scrub oak species (Chapman oak, 
sand live oak (Quercus geminata) and myrtle oak) varied along the elevation gradient.  Cover of 
all three scrub oaks increased with increasing elevation.  Only sand live oak exhibited 
differences in physiological functioning along the elevation gradient; individuals at lower 
elevations were more sensitive to drought than individuals on the ridge.  All three oaks exhibited 
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stomatal regulation of water use efficiency drought. Chapman oak did not exhibit decreased 
photosynthetic activity during drought.  Leaf phenology may play a role in the different 
responses to drought exhibited.   
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CHAPTER ONE:  INTRODUCTION
 
Climate change is predicted to have a profound impact on forested ecosystems resulting 
in alteration of species composition, structure, and function (Allen et al. 2010; Anderegg et al. 
2013a).  Although predictions vary depending on region, increased temperatures are expected to 
be accompanied by more variable precipitation (Meehl et al. 2007).  Whether mean annual 
precipitation remains the same or varies, increased variation in precipitation will result in more 
frequent droughts and heavy precipitation events.  Widespread tree mortality has been 
documented over the last couple of decades; these mortality events are attributed to increased 
drought frequency and duration accompanied with warmer temperatures (Allen et al. 2010; 
Anderegg et al. 2013a; Anderegg et al. 2013b; Carnicer et al. 2011).  Droughts associated with 
climate change are expected to impact species differently; resulting in compositional and 
structural shifts in forested communities (Anderegg et al. 2013b). 
In addition to increased temperatures and droughts, sea level rise may be among the most 
severe and immediate effects of climate change for forests in low-lying coastal areas (Noss 
2011).  Sea level rise in Florida has already impacted coastal forests in the Waccasassa Bay State 
Preserve Park resulting in conversion of coastal forest to salt marsh and decreased tree species 
richness at lower elevations (Castaneda and Putz 2007; Desantis et al. 2007; Williams et al. 
1999).  Models for Waccasassa Bay, predict a significant decline in inland (dry) forests as sea 
level continues to rise this area (Geselbracht et al. 2011).  Sea level rise will not only effect 
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coastal plant communities because of saltwater intrusion, groundwater is also expect to rise in 
conjunction with sea level (FOCC 2010). 
Increased drought frequency and sea level rise may both be major concerns for Florida 
forests.  Water availability is a major factor limiting plant growth, and in Florida where sandy 
soils have low water-holding capacity, small changes in water availability can result in 
substantial changes in ecosystem functioning (Mitchell et al. 1999) and species composition 
(Myers and Ewel 1990).  Droughts in Florida forests resulted in decreased biomass accumulation 
(Dijkstra et al. 2002) and net ecosystem exchange (Bracho et al. 2012).  Substantial shifts in 
species composition occur along small changes in elevation as depth to water table increases 
(Boughton et al. 2006; Mulvania 1931; Sun et al. 1995).   
Urban development and agriculture have greatly reduced and fragmented upland forests 
in Florida (Bergen 1994; Christman 1988; Duncan et al. 2004; Peroni and Abrahamson 1985).  
One ecosystem that has been especially impacted is Florida scrub; at least two thirds of Florida 
scrub has been lost to development and agriculture (Bergen 1994; Christman 1988; Duncan et al. 
2004; Kautz et al. 2007; Peroni and Abrahamson 1985).  Florida scrub is a relict ecosystem 
confined to the inland sand ridges and coastal dunes of Florida on moderately to excessively 
well-drained, nutrient poor soils (Menges 1999; Myers 1990; Schmalzer et al. 1999).  The xeric 
scrub habitat is dominated by evergreen oaks, ericads, and saw palmetto (Serenoa repens (W. 
Bartram) Small), and is subjected to high intensity, stand replacing fires with a return interval 
between 8 and 30 years depending on the type of scrub (Menges 2007).  Due to the ancient 
nature of scrub, many rare and endemic species are present.  Forty-five scrub plant species have 
been given endangered or threatened status with the United States Fish and Wildlife Service or 
the State of Florida (Stout 2001).  The highly fragmented nature of scrub, the low diversity of 
 3 
 
dominant tree species, and the interconnectedness of rare species habitat to the physical structure 
of scrub makes this community highly susceptible to further threat by climate change. 
Climate predictions for Florida project average temperatures to rise between 2.5oC and 
5oC by 2080, with greater increases during the summer months.  Although mean annual 
precipitation is not predicted to change, precipitation is expected to be more variable with drier 
springs and longer durations between heavy precipitation events (Karl et al. 2009).  Moderate 
estimates of sea level rise are 0.2 m in the next 20 to 30 years and 0.4 m within 45 years (Meehl 
et al. 2007).  Under a warmer and drier climate, Florida scrub species will be exposed to more 
frequent and more severe droughts.  With sea level rise, Florida scrub occurring on barrier 
islands and coastal communities may experience a rise in groundwater.   
How will individual scrub species, and the scrub community as a whole, respond to 
climate change? Addressing these questions requires a better understanding of how scrub species 
respond to variation in climate and water availability.  How co-occurring species respond to 
changed environments is a topic of long standing interest in ecology.  The expectation based on 
past climate change is that species will respond to changing climate in an individualistic manner 
(Davis and Shaw 2001).  In this dissertation, I use a combination of dendrochronology and plant 
physiological techniques to examine species responses to climate and water availability.  Few 
dendrochronology studies have been done in Florida because, until recently, it was thought that 
climate was not variable enough in subtropical and tropical locations for the production of annual 
rings (Harley et al. 2011; Worbes 2002).  The rapid fire return interval in scrub makes the use of 
dendrochronology difficult; however, I was able to locate samples from long unburned scrub.  I 
use dendrochronology to address two main objectives: 1) determining how co-occurring scrub 
species have responded historically to climate and the timing of climate extremes and 2) asking 
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whether one of the most common scrub oak species exhibits similar growth responses to climate 
at sites across central Florida.  Understanding how scrub species have historically responded to 
climate will provide insight on how they may respond as the climate changes.  In order to 
understand how scrub species distributions and physiological function vary with water 
availability, I used a combination of point intercept sampling and physiological measurements to 
sample plants along an elevation (water table) gradient.  
Dissertation Organization 
In Chapter 2, I used dendrochronology to determine the historic climate-growth 
relationships of three co-occurring scrub species on the Kennedy Space Center (KSC):  Chapman 
oak, myrtle oak, and south Florida slash pine.  To my knowledge, this is the first 
dendrochronology study of Florida scrub species, although slash pine has been studied in other 
settings (Ford and Brooks 2003; Harley et al. 2011).  My first objective in this chapter was to 
determine whether these two scrub oaks have distinct annual rings, and, if so, to ask whether a 
climate signal could be detected in the tree-ring chronology of each oak.  Second, I wanted to 
compare the climate-growth response of the two scrub oaks with slash pine, which occurs in the 
scrub overstory.  I used multi-model inference to identify which climate variables were important 
for the growth of each species.  Third, I asked how growth in each species was affected by 
seasonal drought and extreme precipitation events.  I used the standardized precipitation index 
(SPI) to identify seasonal and annual drought and extreme precipitation years.  Using superposed 
epoch analysis, I determined whether seasonal drought, annual drought, and extreme 
precipitation events changed growth for each species.  Finally, I determined whether climate and 
the climate-growth response of each species have remained stable over the lifespan of the trees 
studied.  I used the Mann-Kendall test to ask whether the climate remained stable between 1920 
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and 2011, and I used a 24-year moving correlation interval to examine the stability of the climate 
response for each tree-ring chronology. 
In Chapter 3, I used dendrochronology to determine the historic climate-growth 
relationship of myrtle oak from sites across three different ridge systems in central Florida.  The 
main difficulty for using dendrochronology to study Florida scrub species is the rapid return 
interval of stand replacing fires.  I located five sites where the scrub is thought to have been fire 
suppressed for several decades, and I also included data on myrtle oak from Kennedy Space 
Center used in Chapter 2.  The sites included in this study were all sanctuaries or preserves.  
Archbold Biological Station is located on the Lake Wales Ridge.  Indian Mound Sanctuary, Fox 
Lake Sanctuary, North Buck Lake Scrub Sanctuary, and Malabar West Scrub Sanctuary are 
located on the Atlantic Coastal Ridge.  These four sites were recently acquired, county-owned 
conservation lands, part of the Brevard County Environmentally Endangered Lands Program.  
KSC is located on the youngest of the three ridge systems, the Merritt Island/Cape Canaveral 
Ridge.  My first objective was to identify the climate-growth relationship of myrtle oak at each 
site and ask whether the climate responses were robust between sites.  I used correlation to 
identify the pattern between myrtle oak growth and monthly climate variables (temperature, 
precipitation, and SPI).  From the correlation analysis, I selected the monthly climate variables 
that were consistently correlated with growth across sites, to use in linear regression models 
relating climate to myrtle oak growth.  To ask whether the site responses estimated by these 
regression models are robust, I used a randomization procedure to obtain a 95% confidence 
interval for the model parameters – the intercept and the coefficients for each climate variable.  
My second objective was to determine how drought and its timing impacted the growth of myrtle 
oak.  I used model selection to identify the season in which drought had the most negative effect 
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on oak growth.  I also compared the effect on oak growth of seasonal drought with that of annual 
drought. 
 In Chapter 4, I used a combination of point-intercept sampling and physiological measurements 
to ask how species distributions and physiological functioning varied over the small elevation 
gradient of the ridge-swale topography of Kennedy Space Center.  KSC is located on the Merritt 
Island-Cape Canaveral barrier island complex which formed as a prograding barrier and consists 
of multiple dune ridges (White 1970).  The ridges are low in elevation (3.0 -3.7 m) and support 
Florida scrub vegetation, and are separated by lower-lying poorly-drained soils that support 
flatwoods or freshwater swales (Schmalzer et al. 1999).  My first goals were to determine how 
species were distributed along the 1.2 m elevation gradient from the edge of the swale to the top 
of the ridge, and to determine whether elevation serves as a proxy for depth to water table.  I 
selected 500 random points, 100 in each 0.2 m elevation category, and documented species 
occurrence at each random point using the point intercept method.  Using logistic regression, I 
modeled the relationship between elevation and species presence.  Water table monitoring wells 
were installed along the elevation gradient to ask whether depth to water table varied along the 
elevation gradient.  My second goal was to ask whether physiological functioning within a 
species varied along the elevation gradient.  Since I expected water availability to vary with 
elevation, I selected a suite of physiological measures that are useful for determining plant water 
status: gas exchange, fluorescence, and reflectance measurements.  I also included integrated 
measurements of leaf functioning: leaf nitrogen, leaf carbon, stable carbon isotope ratio (δ13C), 
and stable nitrogen isotope ratio (δ15N).  I sampled gas exchange, fluorescence, and reflectance 
monthly on individuals along the elevation gradient.  Leaves were collected in November 2010 
and December 2011 for analysis of the integrated measures of function.  I used linear mixed 
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effects models to determine how the suite of parameters varied between sampling periods and 
along the elevation gradient.  Lastly, I was interested in determining whether a standard drought 
index (SPI) could explain the variation observed in physiological functioning between sampling 
periods.  I used model selection techniques to identify the SPI value that best predicted variation 
in the suite of physiological measurements. 
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CHAPTER TWO:  SEASONAL CLIMATE AND ITS DIFFERENTIAL IMPACT ON 
GROWTH OF CO-OCCURRING SPECIES
Abstract 
Co-occurring species may have differing growth responses to the seasonal timing of 
climatic events.  In this study, we used dendrochronology to examine the importance of seasonal 
climate on radial stem growth of three co-occurring species in Florida scrub, myrtle oak 
(Quercus myrtifolia Willd.), Chapman oak (Quercus chapmanii Sarg.), and south Florida slash 
pine (Pinus elliottii Engelmann var. densa Little & K.W. Dorman).  Response to seasonal 
climatic events varied for the co-occurring scrub species. Radial growth of both oaks was 
influenced strongly by spring precipitation.  Spring droughts decreased oak growth; whereas, 
growth increased with large precipitation events during the spring.  Slash pine growth was 
influenced strongly by precipitation in both the spring and late summer.  Spring droughts 
decreased slash pine total and latewood growth, while increased summer precipitation resulted in 
greater than normal growth.  Earlywood growth of slash pine was correlated positively with the 
Niño 3.4 index: colder, wetter winters tended to be associated with increased earlywood growth.  
The growth differences among species to seasonal climate might be explained by differences in 
growth phenology.  Precipitation in April, May and July has decreased during the period from 
1920 to 2011.  April precipitation has become correlated more significantly with growth for all 
three species as April has become the driest spring month.  If spring precipitation continues to 
decrease as predicted by climate models, decreased growth would be expected for all three 
species.  
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Introduction 
Warming trends and alterations in precipitation patterns are affecting tree growth across 
many forested systems (Allen et al. 2010; Granda et al. 2013).  Climate change is often discussed 
in terms of mean annual changes in temperature or precipitation; however, the change is not 
predicted to be uniform throughout the year.  For instance, although mean annual temperature is 
projected to continue to rise in the U.S., most of the country is expected to experience more 
warming in summer than in winter (Karl et al. 2009).  Areas projected to have decreased annual 
precipitation may experience large decreases in precipitation over a single season or two while 
experiencing increased precipitation at other times throughout the year (Karl et al. 2009).  Large 
changes in extreme climatic events can accompany small shifts in mean climate (Trenberth 
2012). 
Changes in seasonal climate may be important for tree growth.  Seasonal precipitation 
may influence aboveground growth and carbon assimilation more than annual precipitation 
(Bracho et al. 2012; Robinson et al. 2013).  Seasonal warming trends may have differential 
effects on spring flowering dates (Cook et al. 2012) and growth (Huang et al. 2010).  Extreme 
climatic events may also have substantial effects on tree growth.  Droughts can lead to decreased 
tree growth and increased tree mortality (Allen et al. 2010; Martin-Benito et al. 2008), while 
tropical storms can result in wind throw, defoliation, and in some cases increased tree growth 
due to precipitation (Doyle et al. 1995; Gentry et al. 2010; Li et al. 2007b). 
Growth of co-occurring tree species may respond differentially to seasonal changes in 
climate and extreme climate events (Granda et al. 2013).  Species morphology and phenology 
may account for differences in seasonal response.  Climatic events occurring during the active 
growing period may have more impact on tree growth than events occurring during the 
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remainder of the year.  Understanding how co-occurring species respond to seasonal changes in 
climate and to extreme climatic events may provide a better understanding of how our forested 
systems will change as the climate changes. 
In central Florida, temperatures are projected to increase between 2.5oC and 5oC by 2080, 
with greater increases during the summer months (Karl et al. 2009).  While there is considerable 
variance around annual precipitation projections for this region, springs are projected to be drier 
and precipitation is expected to occur in heavier events with longer dry periods between events 
(Karl et al. 2009).  Even if annual precipitation remains unchanged, increased temperatures may 
lead to drier conditions because of increased evaporative demand. 
Central Florida’s climate is also influenced by the El-Niño Southern Oscillation (ENSO) 
and tropical storm systems.  El Niño phases of the ENSO cycle are associated with colder, wetter 
winters (Schmidt et al. 2001), and tropical storm systems may bring high winds and heavy 
precipitation during the summer and fall.  Both of these climatic events may impact tree growth 
(Gentry et al. 2010; Parker et al. 2001).  There is much uncertainty surrounding predictions of 
how or if ENSO will vary as the climate changes (Meehl et al. 2007); regardless of this 
uncertainty, in areas where ENSO impacts local climate, it remains important to understand how 
species respond to variations in ENSO.  There is also much uncertainty in predictions of 
hurricane activity as the climate gets warmer.  There is general consensus that precipitation 
associated with hurricanes will increase; however, there is less certainty around predictions 
indicating that hurricane intensity will increase while frequency decreases or remains constant 
(Knutson et al. 2010; Meehl et al. 2007). 
The use of dendrochronological techniques enables us to determine the historic climate-
growth response for tree species.  There are few dendrochronological studies in Florida (Bartens 
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et al. 2012; Ewel and Parendes 1984; Ford and Brooks 2002, 2003; Foster and Brooks 2001; 
Harley et al. 2012; Harley et al. 2011; Henderson and Grissino-Mayer 2009; Maxwell and Knapp 
2012) and, to our knowledge, this is the first study conducted on co-occurring species in Florida 
scrub.  Florida scrub, one of the most endangered ecosystems in the United States (Noss and 
Peters 1995), is a relict ecosystem confined to the inland sand ridges and coastal dunes of Florida 
on moderately to excessively well-drained, nutrient poor soils (Menges 1999; Myers 1990; 
Schmalzer et al. 1999).  The xeric scrub habitat is dominated by evergreen oaks, ericads, and saw 
palmetto (Serenoa repens (W. Bartram) Small), and is subjected to high intensity, stand 
replacing fires with a return interval between 8 and 30 years depending on the type of scrub 
(Menges 2007).  Due to the ancient nature of scrub, many rare and endemic species are present 
(Stout 2001).  Urban development and agriculture have greatly reduced and fragmented scrub 
habitat (Bergen 1994; Christman 1988; Duncan et al. 2004; Kautz et al. 2007; Peroni and 
Abrahamson 1985).  Climate change poses another anthropogenic stress to Florida scrub. 
Obtaining long-term growth responses for scrub species is difficult because of the 
frequent fire return interval.  We had the opportunity to analyze myrtle oak (Quercus myrtifolia 
Willd.) and Chapman oak (Quercus chapmanii Sarg.) trees that were collected from long 
unburned scrub in the 1990s and compare their climate-growth relationships to the co-occurring 
south Florida slash pine (Pinus elliottii Engelm. var. densa Little & Dorman), which often 
survive the high intensity scrub fires.  While both oaks have limited distributions, occurring only 
in Florida scrub and scrub-like evergreen oak forests on sand ridges in the southeast, slash pine is 
a much more widespread species occurring across many different habitat types (Burns and 
Honkala 1990; Little 1978).  Slash pine growth occurs throughout most of the year (Harley et al. 
2012; Langdon 1963), and previous researchers in other habitats have found climate-growth 
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relationships (Ford and Brooks 2003; Harley et al. 2011).  Measurements of myrtle oak growth 
indicate that radial growth occurs during the spring and ends by early summer (Hymus et al. 
2001), and we are not aware of any growth measurements for Chapman oak.  Studies show that 
scrub oak dominated systems and slash pine (var. elliottii) plantations are physiologically active 
throughout most of the year (Clark et al. 1999; Powell et al. 2006).  Our objectives were to: (1) 
determine if a climate signal is present in tree-ring chronologies of myrtle oak and Chapman oak, 
(2) compare the climate response of the two scrub oaks and slash pine occurring in scrub 
overstorey, (3) examine the relationship between growth and the seasonality of drought and 
extreme precipitation for all three species, and (4) determine if the climate has changed over the 
lifetime of the studied trees, and, if so, ask whether the climate-growth response of each species 
remained stable. 
Methods and Materials 
Site Description 
Our study was conducted at the adjoining federal properties, John F. Kennedy Space 
Center, Merritt Island National Wildlife Refuge, and Cape Canaveral Air Force Station (KSC), 
located on the east central coast of Florida on the Merritt Island-Cape Canaveral barrier island 
complex (Figure1).  The climate is humid subtropical.  The mean annual air temperature from 
1920 – 2011 at the Titusville weather station (28.6241, -80.8159, approximately 15 km from our 
study area) was 22.3oC with the annual high temperatures occurring in July (28.0oC) and low 
temperatures occurring in January (15.5oC).  Annual precipitation averaged 134 cm.  This part of 
Florida has a distinct rainy season; approximately 60% of the precipitation occurs between June 
and September (data obtained from the National Climatic Data Center Ashville, NC 
(www.ncdc.noaa.gov/)). 
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The Merritt Island-Cape Canaveral barrier island complex was formed as prograding 
barrier islands and consists of multiple dune ridges.  The sand ridges, although low in elevation 
(3.0-3.7 m), consist of well-drained soils supporting scrub vegetation.  The ridges are separated 
by lower-lying areas with poorly-drained soils that support flatwoods or freshwater swales 
(Schmalzer et al. 1999).  Scrub on KSC is classified as oak palmetto scrub or scrubby flatwoods, 
and is dominated by evergreen oaks (sand live oak [Quercus geminata Small], Chapman oak, 
and myrtle oak), saw palmetto, and ericaceous shrubs.  There is a sparse overstorey of south 
Florida slash pine on some areas of scrub.   
Sample Collection 
Both Chapman oak and myrtle oak are clonal, ring porous trees.  Chapman oak is a 
brevideciduous white oak; whereas, myrtle oak is an evergreen red oak (Cavender-Bares et al. 
2004).  South Florida slash pine is an evergreen yellow pine.  In the 1990s, 51 myrtle oaks and 
13 Chapman oak trees were cut down at the beginning of scrub restoration on KSC to assess 
stand age (Schmalzer et al. 1994).  Basal sections of the trees were cut in the field, dried, and 
stored as part of the Ecological Program at the Kennedy Space Center.  In 2007 and 2008, we 
sampled an addition 14 myrtle oaks to obtain a longer chronology.  No additional Chapman oaks 
were collected, because we were unable to locate Chapman oaks of sufficient size and age to 
sample.  Each oak tree sampled was cut down using a hand saw, and the bottom section of the 
tree was removed, brought back to the lab and placed in a drying oven.  The base of the tree was 
collected because branching near the base is common in these scrub oaks.  Two sections were cut 
from the base of each oak tree.  In 2012, 25 slash pines from scrub on the northern section of 
KSC were cored at breast height using an increment borer (Haglof, Sweden).  These cores were 
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dried and mounted.  Each section and core was sanded with progressively finer sand paper using 
a belt sander (Stokes and Smiley 1968).  Hand sanding was done when needed. 
Since the date of collection was known for each tree, the sections were dated and a 
marker-year list was used for crossdating sections and cores for each species (Yamaguchi 1991).  
Ring widths were measured using a unislide tree-ring measuring system accurate to 0.01 mm 
(Velmex, Bloomfield, N.Y., USA).  For slash pine, we measured total ring width, earlywood 
width, and latewood width.  Measurements for each tree-ring series were crossdated statistically 
using COFECHA (Grissino-Mayer 2001; Holmes 1983), which compares the ring-widths of one 
series against the remaining series for the site.  If a problem series was detected, it was corrected 
if possible.  Series that could not be crossdated, and which showed low or negative correlations 
with the site chronology, were removed from analysis because the objective was to find the 
common climate signal for each species; however, these were few (Table 1). 
We used the Dendrochronology Program Library in R (dplR) to detrend each tree-ring 
series (Bunn 2008; R Core Team 2012).  Detrending maximizes the climate signal and 
minimizes tree-specific age trends such as decreased diameter increment with tree age (Cook 
1985).  Scrub vegetation is dense, and competition for nutrients and light may be high, adding a 
non-climatic signal to an individual tree-ring series.  Detrending with smoothing splines, instead 
of simple linear regressions or negative exponentials, allows for more flexibility in removing the 
non-climatic variance in tree-ring series (Cook and Peters 1981).  To determine the best 
smoothing spline for detrending each chronology, we detrended each tree-ring series using a 
series of cubic smoothing splines starting at a 10-year spline and increasing in 5-year increments 
up to a 35-year cubic spline and chose the spline interval that maximized climate correlations for 
each  (see Speer et al. 2009). 
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Standard chronologies were built for total ring width for all three species and for 
earlywood and latewood for slash pine using dplR (Bunn 2008).  The standardized chronology 
creates an index of annual growth with a mean of one and homogenized variance over the length 
of the chronology (Fritts 1976). 
Climate Data 
We used divisional climate data instead of local climate data, because local data are more 
subject to microclimate variation; by contrast, divisional data represent climatic trends on a 
larger spatial scale (Speer et al. 2009).  Monthly mean temperature, monthly precipitation, and 
standardized precipitation index (SPI) data were obtained for north central Florida (climate 
division 3) from the National Climatic Data Center, Asheville, NC (www.ncdc.noaa.gov/) 
(Figure 2).  These data were available from 1895 to 2012, which was of sufficient length for 
analysis of our chronologies.    The SPI is a meteorological drought index that provides the 
probability of receiving a certain amount of rainfall over a defined time-scale (McKee et al. 
1993).  For example, the 3-month SPI for March compares the cumulative precipitation for 
January, February and March to historic patterns of precipitation for those three months.  The 12-
month SPI for December provides a measure of drought for that year because it compares the 
cumulative precipitation from January to December to the historic pattern of January to 
December precipitation.  We calculated seasonal values by summing monthly values for 
precipitation and by averaging temperatures for four seasons (January-March, April-June, July-
September, and October-December).  All analyses included monthly and seasonal data from July 
of the previous year to December of the current year, because the previous year’s growing season 
may be important for the current year’s growth (Foster and Brooks 2001; Fritts 1976).  The El 
Niño-Southern Oscillation (ENSO) data were obtained from the National Center for 
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Atmospheric Research for the sea surface temperature anomalies for the Niño 3.4 region from 
1871 to 2007 (Trenberth and Stepaniak 2001). 
Climate Response and Modeling 
Pearson correlation was used to correlate the monthly climate, seasonal climate, and 
ENSO with the tree-ring index for each chronology (SigmaPlot, Systat Software Inc, San Jose, 
CA).  The correlation analysis was used as a screening tool to remove non-informative 
parameters prior to model selection to avoid spurious relationships.  We considered all possible 
main-effects models relating climate variables to growth for each tree-ring chronology using the 
monthly precipitation and temperature variables from the previous July to December of the 
current year.  Climate variables that were not significantly correlated with the ring width index of 
at least one chronology were omitted.  We calculated model-averaged parameter estimates, 
unconditional standard errors, and relative variable importance using all models considered 
(Burnham and Anderson 2002) with the MuMln library in R (Barton 2013).  We chose to use 
multi-model inference techniques instead of stepwise regression because our goal was to identify 
which climate variables were important for growth in each chronology.  The relative variable 
importance, calculated by summing the Akaike weights for each model from the full set that 
includes a specific variable, gives us evidence of the importance of the variable accounting for 
the model selection uncertainty (Arnold 2010; Burnham and Anderson 2002).  The relative 
variable importance ranks the strength of the relationship between each variable and growth 
compared to the other variables.  The size of the standardized model-averaged estimates provides 
another means of comparing the parameters.  Parameters where the error was greater than the 
estimate were parameters that were not well estimated. 
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Drought and Extreme Precipitation  
We used superposed epoch analysis (SEA) to examine whether any of the tree-ring 
chronologies were sensitive to drought or extreme precipitation.  Using SEA we can define key 
event years, years in which unusual events happen, and then determine whether these key event 
years have an unusual impact on the time series (Haurwitz and Brier 1981; Prager and Hoenig 
1989).  We identified seasonal and annual droughts using the standardized precipitation index 
(SPI) calculated on a 3-month and 12-month basis, respectively (Table 2).  The seasonal data for 
SPI were obtained using the 3-month SPI values for March, June, September, and December.  
Annual data for SPI were obtained using the 12-month SPI value for December.  SPI has a 
standard definition of drought; values -1 and below indicate moderate to severe drought 
conditions. We defined droughts as years or seasons where SPI was -1 or below.  We defined 
extreme precipitation as years or seasons where SPI was +1.5 or above.  SEA is a simple Monte-
Carlo randomization test that determines whether the ring width index for the unusual event was 
significantly different from random, as compared with 5 years before and after the event.  All 
SEA analyses were conducted using dplR (Bunn 2008).  Key event years that fell within 3 years 
of the beginning or end of a chronology were dropped from the analysis since there would not be 
enough background years to compare. 
Climate Change 
We used the Mann-Kendall test to determine if the climate in central Florida has 
remained stable between 1920 and 2011 (Kendall 1975; Mann 1945).  The Mann-Kendall test 
examines trends over time to determine whether values are increasing or decreasing over a 
specified time period.  Using Kendall in R (McLeod 2011), we determined if the monthly and 
annual values of precipitation and temperature increased or decreased over the course of 91 years 
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from 1920.  Monthly and annual total precipitation and mean monthly and annual mean 
temperature were examined for trends.  We used a 24-year moving correlation interval to 
examine the stability of the climate response for each tree-ring chronology using DendroClim 
(Biondi and Waikul 2004).  The moving correlation interval calculates the correlation between 
the tree-ring chronology and the climate variables for a 24 year period and then progressively 
slides it by one year (Biondi and Waikul 2004).  Since our chronologies were relatively short in 
nature, we selected the smallest interval based on the number of climate parameters we included 
in the analysis.   
Results 
The rings were distinct on both oak species, and we were able to successfully crossdate 
the majority of tree-ring series.  The few series that could not be crossdated to the master 
chronology were either young trees or those with a fire scar. The high mean sensitivities in ring 
width indicated that these trees were sensitive to climate, and the high series intercorrelations 
(Table 1) indicated that trees within each species share a common climate signal (Grissino-
Mayer 2001).  The series intercorrelations for both of the oak chronologies fell in the range seen 
for other oak species from the southeastern U.S., while the mean sensitivities were higher than 
those reported (Speer et al. 2009; White et al. 2011).  The two oak chronologies were strongly 
correlated (r = 0.739).  Our slash pine chronologies had high series intercorrelations but similar 
mean sensitivities (Table 1) when compared to other pine chronologies in the southeastern U.S. 
(Foster and Brooks 2001; Grissino-Mayer 2001; Harley et al. 2011; Henderson and Grissino-
Mayer 2009; Speer et al. 2009).  The total ring width chronology for slash pine had a higher 
series intercorrelation than the chronologies built on either early or latewood ring widths, and the 
latewood chronology had a higher mean sensitivity than the other two slash pine chronologies 
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(Table 1).  Crossdating the slash pines identified years in which some cores had missing rings 
(0.6%), most of which occurred during 1981.  Nine slash pine cores were missing a ring for 
1981, which was not only a year with a spring drought but also was a year in which a late 
February fire occurred at this site. 
The three species chronologies ranged in length from 52 years for Chapman oak to 78 
years for slash pine (Figure 3).  Slash pine trees were older on average than trees of the two oak 
species, with a mean series length of 57.4 years compared with 27.0 years for myrtle oak and 
31.3 years for Chapman oak (Table 1).  Since the oaks were sampled at the base of the tree and 
the slash pine sampled at breast height, the mean series lengths are not comparable; slash pine 
would be much older if sampled at the base like the oaks. 
Climate correlations were maximized when the slash pine chronologies were detrended 
with a 10-year cubic smoothing spline.  Climate correlations were similar regardless of the 
length of smoothing spline (15-35 years) used to detrend the oak chronologies.  Therefore, we 
used a 15-year smoothing spline.  
Growth Correlations with Climate 
Myrtle oak growth correlated negatively with increased August temperatures during the 
previous summer and Chapman oak growth correlated negatively with increased November 
temperatures from the previous fall (Figure4).  The earlywood chronology was the only slash 
pine chronology that showed a response to temperature; increased growth was associated with 
colder winter temperatures and warmer summer temperatures (Figure 4).   
In both oak species, growth correlated positively with monthly precipitation during the 
spring growing season, and with seasonal spring (April-June) precipitation (Figure 5).  In slash 
pine, total growth and latewood growth correlated positively with April and September 
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precipitation and summer precipitation.  The latewood chronology also showed a significant 
positive relationship with spring precipitation, and a negative correlation with the previous year’s 
October-December precipitation.  Increased winter precipitation correlated significantly with 
increased growth in our earlywood chronology.  Earlywood growth correlated negatively with 
increased June precipitation (Figure 5). 
Slash pine earlywood growth correlated positively with the ENSO index from the 
previous August to the current April (Figure A1), indicating that earlywood growth is greater 
than normal during El Niño years.  There was no significant correlation between growth and 
ENSO index for any other chronology. 
Climate Modeling 
Eleven monthly temperature and precipitation variables correlated significantly with 
growth of at least one species (Figures 4 and 5); however, February temperature correlated 
highly to February precipitation (r = -0.380, p=0.0015) so we removed February temperature 
from the group of climate variables used in our regression models.  The relative variable 
importance calculated from the regression models provides a comparison of the importance of 
each variable in predicting growth for each chronology.  We will focus on the variables that have 
been identified from the suite of climate variables as the most important for explaining the 
growth of each chronology (Table 3).  June and April precipitation were ranked as the two most 
important climate variables explaining myrtle oak growth, followed by the previous year’s 
November temperature, May precipitation, March precipitation and the previous year’s August 
temperature.  All four of the climate variables important for Chapman oak growth were of 
importance for myrtle oak growth; in rank order of importance the variables were the previous 
year’s November temperature and precipitation in March, April and June.  September 
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precipitation was the most important variable explaining total and latewood slash pine growth, 
followed by April precipitation.  However, April precipitation was not well estimated for 
latewood growth.  Variables associated with winter precipitation were useful for explaining 
earlywood growth, in order of ranked importance February, January, and March precipitation.  
The remaining climate variables for each chronology were uninformative in explaining growth; 
the precision of their model-averaged coefficient estimate was low, even though the variables 
may have been significantly correlated. 
Drought and Extreme Precipitation 
All three species experienced decreased growth during drought years (Figure 6).  Spring 
and annual droughts both decreased myrtle oak growth.  Chapman oak also had reduced growth 
during years with either annual or spring droughts, but this response was only significant for 
spring droughts. 
Slash pine latewood growth was reduced significantly during annual and spring droughts 
(Figure 6).  Earlywood growth was reduced one year after the drought occurrence, but this was 
significant only for annual droughts.  As a result, the total ring growth was reduced significantly 
during both annual and spring drought years.  We removed 1981 from this analysis, because 
1981 was an anomalous year in which drought and fire led to missing rings in several slash 
pines.  The resulting ring-width index (0.198 mm) would have biased the drought analysis 
towards being significant.  Our interest was in determining whether droughts in general 
decreased ring width growth; so by removing 1981, we were able to see if slash pine growth was 
decreased by seasonal and annual droughts.  All three species showed normal or above normal 
ring width indices the year following the drought (Figure 6). 
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Myrtle oak and Chapman oak growth was significantly greater than normal during years 
with extreme spring precipitation (Figure 7).  The total ring and latewood chronologies of slash 
pine both showed significant increases in growth during years in which extreme rain events 
occurred during the summer, July-September.  The earlywood chronology showed increased 
growth during years with extreme winter precipitation (Figure 7). 
Climate Change 
The climate in central Florida has changed during the period 1920-2011 (Figure 8).  
April, May and July have become drier, January is colder, and July is warmer than in 1920.  The 
24-year moving interval climate response showed that as April has become drier, there has been 
a shift of importance of April precipitation from May for both oaks and March for the total and 
latewood slash pine chronologies (Figure 9). 
Discussion  
Growth of the co-occurring scrub species responded to differing climatic variables at 
KSC.  The differences in seasonal climate responses can be understood in the context of each 
species phenology.  Little data exist on the seasonality of active radial growth for either scrub 
oak; however, limited data suggest that both of these species complete the majority of their radial 
growth by early July  (Hymus et al. 2001). The majority of the aboveground biomass increment 
in scrub habitat occurred between April and July, where almost 90% of the aboveground biomass 
was scrub oak (Powell et al. 2006).  A short, active growing season taking place in the spring 
between March and early July is in agreement with the timing of active growth for several other 
species of oaks, which usually occurs in spring and early summer (Breda and Granier 1996; 
Hanson et al. 2001; Zweifel et al. 2006). 
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Our data suggest that precipitation during this period of active growth in the spring is the 
most limiting climatic factor for growth of both of these oak species.  Spring is not only 
important for growth of these oak species; it is also an important period for carbon assimilation, 
approximately 40% percent of scrub ecosystem carbon assimilation occurs between April and 
early June (Powell et al. 2006).  Spring is a period of low rainfall in central Florida, because it is 
a time when low pressure fronts seldom reach Florida and stable air from the Atlantic inhibits 
convective storms (Winsberg 2003).  The low rainfall and dry air increases the vapor pressure 
deficit which can increase water stress in the oaks.  Growth of both oaks was sensitive to drought 
and extreme precipitation events during the spring.  Spring (annual) droughts initiate stomatal 
regulation of photosynthesis, resulting in decreased carbon available for growth.  Extreme 
precipitation events may alleviate water stress, resulting in increased carbon assimilation and 
growth.   
In several oak species, a substantial portion of radial growth depends on previous years’ 
carbon reserves and is added prior to leaf flush  (Breda and Granier 1996; Zweifel et al. 2006).  
This suggests that climate during the period following radial growth may be important for the 
subsequent year’s growth.  Summer precipitation is important for the following years’ growth in 
several southeastern oak species (Speer et al. 2009; White et al. 2011).  Our data do not support a 
strong effect of precipitation on growth the following year.  Instead, our data suggests that the 
previous August and November temperatures may be important for growth of the oaks. Carbon 
uptake in scrub is the lowest and most variable during the summer, and increased August 
temperatures may lead to less carbon uptake due to increased respiration (Powell et al. 2006).  
November is the driest month of the year; increased November temperatures may increase water 
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stress resulting in less carbon assimilated.  Both of these may decrease the carbon available for 
the following year’s growth and leaf flush.  
In contrast to the oaks, slash pine radial growth occurs throughout much of the year with 
little to no dormant period (Harley et al. 2012; Langdon 1963).  Langdon (1963) identified three 
periods of growth in slash pine; slash pine accumulated approximately a third of its annual 
growth increment during the three months between February and April.  Approximately a third 
of slash pine growth occurred during the second growth period, May to August, with a quarter of 
growth occurring between September and November.  The transition from earlywood to 
latewood occurs during June or July (Harley et al. 2012), and growth has been shown to peak in 
both the spring and September (Langdon 1963). We suggest here that the climate responses 
detected in growth of the total, earlywood, and latewood of slash pine is related slash pine 
phenology.  Although we are not aware of research examining shoot and needle production in 
var. densa, much research on the phenology of var. elliottii has been conducted (Gholz and 
Cropper 1991; Gholz et al. 1985; Gholz et al. 1991; Hendry and Gholz 1986).  Since these are 
varieties of the same species, we expect similarities in phenology (Squillace 1966). 
Slash pine earlywood growth increased with colder, wetter winters.  In this part of 
Florida, winter precipitation is closely tied to temperature and is usually associated with frontal 
systems; occasionally large rainfall events occur due to low pressure systems from the Gulf of 
Mexico (Winsberg 2003).  El Niño years are associated with colder, wetter winters in central 
Florida (Schmidt et al. 2001); accordingly, earlywood growth increased during the El Niño phase 
of the ENSO cycle as has been previously detected for other pines in Florida (Parker et al. 2001).  
We suggest that earlywood growth is dependent on winter precipitation because bud formation 
of the spring shoots is occurring during this period of time (Hendry and Gholz 1986).  The 
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environmental conditions during bud formation are important for bud development and can 
determine the number of shoots and leaves (Breda et al. 2006).  Since bud break in slash pine 
occurs in March, the conditions prior to bud break when buds are forming appear to have the 
greatest impact earlywood growth.  Our data suggest that precipitation during January and 
February are the most important climate variables for explaining the variation in earlywood 
growth, because conditions during these two months have a large influence on the bud formation 
of the spring shoots. 
Slash pines often have a summer flush after the spring flush with bud burst in May and 
June (Hendry and Gholz 1986).  Environmental conditions during the spring when summer buds 
are forming will impact the summer shoots. This may explain total and latewood growth 
increases with April precipitation and decreases with spring droughts.  We suggest that springs 
droughts may decrease the number of needles produced during the summer flush, resulting in a 
lower leaf area index (LAI) and less carbon assimilated for growth during the rest of the growing 
season (Breda et al. 2006).  Annual droughts may also decrease total and latewood growth by 
impacting bud formation resulting in decreased needle production, by decreasing carbon 
assimilation due to stomatal regulation of water loss resulting in less carbon available for growth, 
or by increasing needlefall.  Decreased needle production or increased litterfall from annual 
droughts may result in decreased earlywood growth the following year. 
Although bud breaks starts in March, maximum needle elongation and LAI are not 
reached in slash pine until September (Gholz et al. 1991).  Increased September precipitation has 
been found to result in increased total and latewood growth not only in our study but also in 
other studies in Florida (Foster and Brooks 2001; Harley et al. 2011).  The importance of 
increased precipitation during this timeframe for carbon assimilation may be amplified since LAI 
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is at a maximum.  LAI starts to decrease after September as litterfall reaches its maximum 
between October and December (Gholz et al. 1991).  Extreme precipitation during the summer 
months when LAI is increasing, results in significantly greater than normal growth.  Large 
rainfall events in Florida are primarily the result of low-pressure systems such as tropical 
hurricanes and depressions which are most common in August and September (Winsberg 2003).  
Based on the weather patterns exhibited in this part of Florida, it can be expected that extreme 
precipitation events occurring in the summer, July-September, are associated with tropical 
weather activity.  Many tropical storms impact this area (> 45 between 1920 and 2011) but not 
all result in heavy rainfall (data obtained from Historical Hurricane Tracks, National Oceanic and 
Atmospheric Administration http://csc.noaa.gov/hurricanes/#).  We used summer extreme 
precipitation events as a surrogate for tropical storms; all of the years with July – September 
extreme precipitation events had tropical storm systems that impacted Florida.  This suggests that 
heavy precipitation associated with tropical storm systems occurring during the second peak 
growth period when LAI is at its maximum results in greater than normal growth.  Other studies 
of pines have found a similar result: latewood and total ring growth were significantly positively 
correlated with hurricane-associated precipitation (Gentry 2008; Gentry et al. 2010). 
For all three species, droughts during the current year decreased growth for that year but 
not for the year following drought, with the exception discussed earlier with slash pine 
earlywood growth. We suggest that the impact of droughts on growth were limited to a single 
year for the oaks because during favorable times, when precipitation was not limiting, these trees 
were assimilating carbon that could be used for the following year’s growth.  Scrub oaks are 
physiologically active throughout much of the year (Powell et al. 2006), indicating that there is a 
shift in allocation of carbon from radial growth to either belowground growth or storage.  For 
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slash pine, the importance of drought on growth appears to be related to the effect of drought on 
needle production.  Slash pine needles are retained for a single year (Hendry and Gholz 1986); 
therefore, the effects of decreased needle production caused by drought are alleviated by the 
following year’s needle crop. 
Our data show that the seasonality of climate response differs between the co-occurring 
oaks and pines in Florida scrub.  These differences in climate response are likely due to 
phenology of each species.  Our results suggest that changes in the seasonal dynamics can drive 
each species’ growth response to climate change independent of change in the mean annual 
climate.  Analysis of climate trends from 1920-2011 for Florida climate division 3 indicates that 
the climate in central Florida is already changing and that these changes are in agreement with 
climate projections for the area; springs are becoming drier and summer temperatures are 
increasing (Karl et al. 2009).  Growth of all three species in our study is limited by spring 
precipitation.  The climate response for each species has changed over the length of the 
chronology, with April precipitation becoming more limiting to growth as April has become the 
driest spring month.  This suggests that as springs continue to become drier in central Florida, 
growth will decrease in all three species.  Increased winter or summer precipitation may offset 
decreased spring growth for slash pine but not for the two oak species. 
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Table 1:  Statistics from COFECHA for each species’ chronology 
Species 
Number 
of trees 
sampled 
Number of 
trees in 
chronology 
Number of 
series in 
chronology 
Interval Mean Series Length (years) 
Series 
intercorrelation 
Mean 
Sensitivity 
Quercus 
myrtifolia 65 58 116 1940-2008 27.0 0.544 0.455 
Quercus 
chapmanii 13 12 23 1946-1997 31.3 0.534 0.429 
Pinus elliottii 
var. densa 25 24 47 1935-2012 57.4   
     Total 0.653 0.361 
     Earlywood 0.615 0.427 
     Latewood 0.637 0.534 
Note:  The mean series lengths are not comparable between the oaks and slash pine because of differences in sampling technique. 
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Table 2:  Key event years for drought and extreme precipitation determined from the standard precipitation index (SPI).  Annual 
drought and extreme precipitation were determined using the 12-month SPI for December.  Seasonal droughts were determined using 
the 3-month SPI for March (JFM), June (AMJ), September (JAS), and December (OND).  Drought years were identified when annual 
or seasonal SPI was -1.0 or below.  Extreme precipitation years were identified when annual or seasonal SPI was +1.5 or greater.  
Season Climate Key event years 
Annual 
Drought 1954, 1955, 1956, 1961, 1967, 1977, 1990, 1993, 2000, 2006 
Extreme 
precipitation 1953, 1959, 1960, 1982, 1983 
JFM 
Drought 1939, 1945, 1949, 1950, 1951, 1954, 1956, 1976, 1985, 2000, 2006 
Extreme 
precipitation 1958, 1959, 1960, 1983, 1987, 1996, 1998 
AMJ 
Drought 1948, 1977, 1981, 1987, 1993, 1998, 2000, 2007 
Extreme 
precipitation 1976, 1982, 1991, 2005, 
JAS 
Drought 1942, 1956, 1958, 1972, 1990, 1993, 1996 
Extreme 
precipitation 1945, 1949, 1953, 1960, 2001, 2004 
OND 
Drought 1939, 1942, 1966, 1967, 1974, 1984, 1998, 2000 
Extreme 
precipitation 1941, 1950, 1953, 1958, 1969, 1983, 1997, 2002 
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Table 3:  Model-averaged standardized coefficients, unconditional standard error, and relative variable importance for all main effects 
models relating tree-ring width for each species chronology to ten monthly climate variables 
Species Climate 
variable 
Standardized 
Model-averaged 
coefficient 
Standard 
Error 
Relative 
Variable 
Importance 
Species Climate 
variable 
Standardized 
Model-averaged 
coefficient 
Standard 
Error 
Relative 
Variable 
Importance 
Quercus 
myrtifolia 
pAugT 
pNovT 
JanP 
FebP 
MarP 
AprP 
MayP 
JunP 
JulP 
SepP 
-0.216 
-0.244 
0.027 
0.019 
0.219 
0.284 
0.234 
0.394 
0.059 
0.031 
0.096 
0.099 
0.100 
0.102 
0.098 
0.100 
0.098 
0.100 
0.099 
0.098 
0.90 
0.93 
0.30 
0.26 
0.90 
0.97 
0.92 
1.00 
0.44 
0.32 
Pinus 
elliottii 
var. 
densa 
total 
pAugT 
pNovT 
JanP 
FebP 
MarP 
AprP 
MayP 
JunP 
JulP 
SepP 
-0.007 
-0.074 
0.135 
0.022 
0.037 
0.241 
0.038 
-0.001 
-0.002 
0.327 
0.111 
0.113 
0.111 
0.112 
0.117 
0.109 
0.110 
0.116 
0.118 
0.109 
0.24 
0.47 
0.66 
0.28 
0.33 
0.89 
0.34 
0.23 
0.23 
0.98 
Quercus 
chapmanii 
 
pAugT 
pNovT 
JanP 
FebP 
MarP 
AprP 
MayP 
JunP 
JulP 
SepP  
 
-0.006 
-0.529 
0.086 
-0.014 
0.354 
0.276 
0.077 
0.275 
-0.020 
-0.043 
 
0.125 
0.132 
0.130 
0.129 
0.129 
0.126 
0.119 
0.127 
0.123 
0.126 
 
0.20 
1.00 
0.46 
0.22 
0.96 
0.89 
0.45 
0.89 
0.24 
0.32 
Pinus 
elliottii 
var. 
densa 
EW 
 
pAugT 
pNovT 
JanP 
FebP 
MarP 
AprP 
MayP 
JunP 
JulP 
SepP  
 
0.017 
-0.061 
0.193 
0.197 
0.151 
0.051 
-0.014 
-0.091 
-0.009 
0.009 
 
0.111 
0.118 
0.116 
0.115 
0.119 
0.114 
0.112 
0.116 
0.115 
0.114 
 
0.26 
0.42 
0.78 
0.79 
0.67 
0.39 
0.25 
0.52 
0.24 
0.24 
 
    
Pinus 
elliottii 
var. 
densa 
LW 
 
pAugT 
pNovT 
JanP 
FebP 
MarP 
AprP 
MayP 
JunP 
JulP 
SepP  
 
-0.028 
-0.066 
0.039 
-0.015 
-0.003 
0.159 
0.117 
0.049 
0.014 
0.377 
 
0.111 
0.113 
0.112 
0.111 
0.115 
0.109 
0.109 
0.113 
0.118 
0.110 
 
0.31 
0.44 
0.35 
0.26 
0.23 
0.73 
0.61 
0.38 
0.26 
0.99 
Note:  EW and LW are abbreviations for Pinus elliottii var. densa earlywood and latewood respectively.  Temperature and precipitation are designated by T and 
P, respectively.  p indicates a climate variable from the previous year. Important variables indicated in bold. 
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Figure 1:  Study site location map.  The study area consisted of Kennedy Space Center and the overlying Merritt Island National 
Wildlife along with the adjacent Cape Canaveral Air Force Station 
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Figure 2:  Climate diagram of mean monthly precipitation (bars) and temperature (points) for 
division 3 in Florida from the National Climatic Data Center, Asheville, NC for the period 1920-
2011.  Error bars indicate standard error 
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Figure 3:  Tree-ring chronologies for the three species.  The shaded area indicates the number of 
series used to build the chronology 
 
 34 
 
  
C
o
r
r
e
l
a
t
i
o
n
 
c
o
e
f
f
i
c
i
e
n
t
-0.4
-0.2
0.0
0.2
p
J
p
A
p
S
p
O
p
N
p
D
J
a
n
F
e
b
M
a
r
A
p
r
M
a
y
J
u
n
J
u
l
A
u
g
S
e
p
O
c
t
N
o
v
D
e
c
p
J
A
S
p
O
N
D
J
F
M
A
M
J
J
A
S
O
N
D
-0.4
-0.2
0.0
0.2
a) Quercus myrtifolia b) Quercus chapmanii
c) Pinus elliottii var. densa 
p
J
p
A
p
S
p
O
p
N
p
D
J
a
n
F
e
b
M
a
r
A
p
r
M
a
y
J
u
n
J
u
l
A
u
g
S
e
p
O
c
t
N
o
v
D
e
c
p
J
A
S
p
O
N
D
J
F
M
A
M
J
J
A
S
O
N
D
d) Pinus elliottii var. densa earlywood
p
J
p
A
p
S
p
O
p
N
p
D
J
a
n
F
e
b
M
a
r
A
p
r
M
a
y
J
u
n
J
u
l
A
u
g
S
e
p
O
c
t
N
o
v
D
e
c
p
J
A
S
p
O
N
D
J
F
M
A
M
J
J
A
S
O
N
D
e) Pinus elliottii var. densa latewood
 
Figure 4:  The response of each chronology to regional average monthly temperature from July of the previous year to December of 
the current year and to seasonal precipitation for the previous year’s summer to the end of the current year.  Black bars indicate 
significant correlation coefficients at the 0.05 level.  JFM = January – March, AMJ = April – June, JAS = July – September, OND = 
October – December.  The previous year’s value is preceded by p (i.e., previous year July (pJ)) 
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Figure 5:  The response of each chronology to regional monthly precipitation from July of the previous year to December of the 
current year and to seasonal precipitation for the previous year’s summer to the end of the current year.  Black bars indicate significant 
correlation coefficients at the 0.05 level.  JFM = January – March, AMJ = April – June, JAS = July – September, OND = October – 
December.  The previous year’s value is preceded by p (i.e., previous year July (pJ)) 
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Figure 6:  Departures from the mean ring width index from the superposed epoch analysis for the drought years (0) and five pre- and 
post-drought years. Black bars are for years when annual precipitation is at least 1.0 SD below mean precipitation,  gray bars are for 
years when April – June precipitation is at least 1.0 SD below mean precipitation.   Asterisks indicate a significant departure from the 
mean at the 0.05 level 
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Figure 7:  Departures from the mean ring width index from the superposed epoch analysis for extreme precipitation years (0) and five 
pre- and post-years. Black bars are for years when annual precipitation is greater than 1.5 SD above mean precipitation,  white bars are 
for years when Jan. – March precipitation is greater than 1.5 SD above the mean, and grey bars indicate years where July-Sept. 
precipitation is greater than 1.5 SD above mean precipitation.  Asterisks indicate a significant departure from the mean at the 0.05 
level 
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Figure 8:  Climate trends for the period 1920 and 2011.  Black bars indicate significant trends in 
the climate variables at the 0.05 level 
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Figure 9:  The 24-year moving correlation between monthly precipitation and ring-width index 
for each tree-ring chronology.  The correlation for any year on the x-axis is the correlation based 
on the preceding 24 years. 
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CHAPTER THREE:  TIMING MATTERS: THE SEASONAL EFFECT OF DROUGHT 
ON TREE GROWTH
Abstract 
Droughts are expected to increase in frequency and severity in many regions as climate 
changes.  The impact drought has on tree growth may depend on the timing of drought.  The 
historical climate-growth response of trees provides insight in to how a species may respond to 
future changes in climate, and also enables us to understand how drought and the timing of 
drought has impacted growth.  In this study, we use dendrochronology to examine the climate 
and drought response of Quercus myrtifolia Willd. growth on sites from three different scrub 
ridge systems in central Florida.  Five site chronologies and a regional chronology were created 
from tree-ring measurements.  Growth of Q. myrtifolia correlated positively with spring 
precipitation and the standardized precipitation index (SPI).  Growth response of Q. myrtifolia to 
monthly spring SPI was similar between sites, with the exception of Malabar West which 
occurred on poorly drained soils.  March, April, May, and June SPI explained only 21.5% of the 
variance in growth at Malabar West compared to 28.6% to 58.3% at the other sites.  Seasonal 
droughts explained more of the variation in Q. myrtifolia growth than annual droughts.  Spring 
droughts significantly decreased Q. myrtifolia growth at all sites, and drought during the 
previous summer was important for growth at one site.  Our data suggest that timing of drought 
is important for Q. myrtifolia; spring drought is the climatic limiting factor for Q. myrtifolia 
growth. 
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Introduction 
Drought is a major factor limiting tree growth for many species over a wide range of 
habitats (Lambers et al. 1998; Martin-Benito et al. 2008; Speer et al. 2009).  The frequency and 
duration of drought is projected to increase with climate change; even if mean precipitation 
remains unchanged, rainfall events are predicted to be more variable and intense (Meehl et al. 
2007).  Widespread tree mortality has occurred over the last couple of decades as drought 
frequency and duration has increased along with temperatures (Allen et al. 2010; Anderegg et al. 
2013a; Anderegg et al. 2013b; Carnicer et al. 2011).  Tree mortality under drought conditions 
may be exasperated by increasing temperatures which further increases water stress (Breshears et 
al. 2005).  Predictions of drought intensity and severity are more widespread when based on 
indices that consider changes in both precipitation and temperature compared to precipitation 
alone (Strzepek et al. 2010). 
Not all droughts impact vegetation negatively (Anderegg et al. 2013a) .  The timing of 
drought is a key element in whether drought will impact tree growth because tree growth is not 
constant during the year and because seasonal temperatures vary.  During drought, leaf level gas 
exchange is often decreased due to changes in stomatal conductance, minimizing water loss (Li 
et al. 2007a; Taiz and Zeiger 1998) resulting in less carbon assimilated.  Droughts occurring 
during active growing periods may have greater impact on growth than droughts at other times in 
the year, because decreased carbon assimilation may directly decrease allocation to growth.  The 
active period of growth varies between species; some species exhibit active growth over a short 
portion of the physiologically active period (Zweifel et al. 2006); while other species may grow 
for much of their physiological active period (Harley et al. 2012; Langdon 1963).  Droughts 
occurring when radial growth has ceased but the tree is still physiologically active may impact 
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the following year’s growth, since earlywood growth in many species is dependent on previous 
years’ carbon storage (Breda and Granier 1996; Zweifel et al. 2006).  Decreased growth due to 
drought may not only occur during the current year, but for several years following drought 
(Orwig and Abrams 1997).  The multi-year impact of drought on growth may result from 
decreased quantity or quality of leaves or decreased carbon storage (Breda et al. 2006). 
Drought impacts may be amplified by seasonal temperatures.  Increased temperatures 
may amplify the impacts of drought by increasing water stress with increasing evaporative 
demand or by increasing tissue respiration.  Tree mortality increased during droughts when 
temperatures were warmer (Adams et al. 2009; Breshears et al. 2005).   
Drought induced decreases in growth and mortality may alter ecosystem structure, 
composition, and processes; these impacts may be greatest in systems with few dominant tree 
species (Anderegg et al. 2013b).  Florida scrub is an oak dominated ecosystem endemic to 
Florida that serves as habitat for many rare and endemic plants and animals (Myers 1990; Stout 
2001).  The dominant vegetation consists of three species of oaks with Quercus myrtifolia Willd. 
being present in the highest percent cover (Abrahamson et al. 1984; Schmalzer and Hinkle 
1992).  The height and structure of the vegetation is an important ecosystem component for the 
habitat of many threatened and endangered species.  Drought induced declines or mortality of the 
dominant oaks in Florida scrub might have long term repercussions for the endemic species that 
depend on the oaks for habitat and food. 
Oaks (Quercus L.) are the largest genus of native tree species in North America; this 
genus is widespread and serves as habitat for numerous animal species (McWilliams et al. 2002).  
Acorns are an important food source for many species in oak forests.  In general, oaks have 
many adaptations to xeric habitats that enable them to tolerate drought.  Even with these drought 
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adaptations, drought and heat induced oak decline and mortality has occurred across a wide 
variety of systems (Breda et al. 2006; Faber-Langendoen and Tester 1993; Fan et al. 2012; 
Voelker et al. 2008); in some instances these mortality events have led to a change in species 
composition (Faber-Langendoen and Tester 1993).  In scrub, the dominant Q. myrtifolia has 
many adaptations for growth on xeric sites; it is deep rooted, obtaining  water from the water 
table (Hungate et al. 2002), and has leaves that curl to minimize water loss (Abrams 1990).  
These adaptations do not render Q. myrtifolia immune to the negative effects of drought; studies 
at Kennedy Space Center showed that photosynthesis and biomass increment of Q. myrtifolia 
decreased during drought years (Dijkstra et al. 2002; Li et al. 2007a).   
Current climate change scenarios for Florida predict an increase in temperatures of 
between 2.5oC and 5oC by 2080, and although there is uncertainty in annual precipitation 
projections, models suggest drier springs with an increase in heavier precipitation events and 
longer dry periods between events (Karl et al. 2009).  An increase in drought conditions may 
occur even if precipitation remains near current levels, because of the increased 
evapotranspiration resulting from higher temperatures.  The expectation of more frequent (and 
more severe) droughts, together with studies showing that Q. myrtifolia is negatively affected by 
droughts, raises questions about how Florida scrub will be impacted under a warmer and drier 
climate.   
In order to understand how Q. myrtifolia may respond to future drought, we must first 
understand how drought has historically impacted growth.  Obtaining long-term growth data for 
Q. myrtifolia in scrub is difficult because of the frequent, stand-replacing fires that occur in 
Florida scrub.  In this study, we located long-unburned scrub sites on three different ridge 
systems in central Florida and used dendrochronology to examine how Q. myrtifolia growth has 
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responded historically to drought. Our objectives were to: 1) examine the climate – growth 
relationships of Q. myrtifolia at sites on three different ridge systems in central Florida to 
determine if the climate responses were robust between sites, and 2) to determine how drought 
and its timing impact the growth of Q. myrtifolia.  Identifying seasonal droughts may be more 
important for determining how drought impacts Q. myrtifolia growth than assessing droughts on 
an annual basis.  
Materials and Methods 
Site Descriptions 
The central Florida climate is humid subtropical.  The mean annual air temperature is 
22oC, with highest mean monthly temperatures occurring in July and August (27.5oC) and lowest 
mean monthly temperatures occurring in January (15.7oC).  Annual precipitation averages 133 
cm, with approximately sixty percent of precipitation occurring between June and September 
(averages from 1920 – 2008 for Florida climate divisions 3 and 4 obtained from the National 
Climatic Data Center). 
Our sites were located in central Florida on three different ridge systems, the Lake Wales 
Ridge in Highlands County, the Atlantic Coastal Ridge in mainland Brevard County, and the 
coastal Merritt Island/Cape Canaveral Ridges (Figure 10, Table 4).  The Lake Wales Ridge 
consists of sand dunes dating from the Miocene to the early Pleistocene (Myers 1990).  The 
Atlantic Coastal Ridge consists of multiple sand ridges dating from ca. 140,000 – 120,000 yr BP 
(Bader and Parkinson 1990).  The Merritt Island/Cape Canaveral Ridges are the youngest of the 
three ridge systems and are low in elevation (3.0-3.7 m) (Schmalzer et al. 1999).  We collected 
samples of Q. myrtifolia from Archbold Biological Station (ABS) on the Lake Wales Ridge; 
Indian Mound Station Sanctuary (IMS), Fox Lake Sanctuary (FL), North Buck Lake Scrub 
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Sanctuary (NBL), and Malabar West Scrub Sanctuary (MW) on the Atlantic Coastal Ridge; 
Kennedy Space Center/Merritt Island National Wildlife Refuge/Cape Canaveral Air Force 
Station (KSC) on the Merritt Island/Cape Canaveral Ridge (see Table 4 for site details). 
Vegetation at all sites was Florida scrub, a xeric shrubland on nutrient-poor, well-drained 
soils (typically entisols and spodosols; Myers 1990; Schmalzer et al. 1999), dominated by 
evergreen oaks (Quercus geminata Small, Q. myrtifolia, and Quercus chapmanii Sarg.), Serenoa 
repens (W. Bartram) Small, and ericaceous shrubs.  Florida scrub is typically maintained by high 
intensity, stand-replacing fires with a return interval between 8 and 30 years (Menges 2007).  
Due to the rapid fire return interval and the stand-replacing nature of scrub fires, it is unusual to 
find scrub oaks old enough to obtain a useful climate signal.  Each of the sites in this study was 
thought to have been subject to a long period of fire suppression prior to sampling. 
Dendrochronological Analysis   
In 2009, we collected Q. myrtifolia sections from all sites but KSC (Table 4).  Fifty-one 
Q. myrtifolia were collected from KSC in the 1990’s at the beginning of the scrub habitat 
compensation program (Schmalzer et al. 1994).  We collected additional KSC samples from 14 
Q. myrtifolia in 2007 and 2008.  Each tree sampled was cut down using either a hand saw or a 
chain saw, and the bottom section of the tree was removed, brought back to the lab and placed in 
a drying oven.  We collected the base of the tree because Q. myrtifolia often branches near the 
base in Florida scrub.  Once dried, two sections were cut from each trunk base.  These sections 
were prepared according to standard dendrochronology protocol (Stokes and Smiley 1968).  
Sections were dated and a marker-year list was used for cross-dating sections from each site, 
since we knew the date of collection for each tree (Yamaguchi 1991).  Ring-widths were 
measured using a unislide tree-ring measuring system accurate to 0.01 mm (Velmex, Bloomfield, 
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N.Y., USA); one radius was measured per cross section.  For each site, width measurements 
were statistically cross-dated using COFECHA (Holmes 1983) which compares the ring-width 
series of one section against the remaining series for the site.  Since we were looking for the 
common climate signal present for Q. myrtifolia at each site, sections were removed from 
analysis if we were unable to accurately cross-date them or if they had low or negative 
correlations with the site series. 
Detrending the chronology maximizes the climate signal and minimizes tree-specific 
growth trends (Cook 1985).  Since scrub vegetation is dense and competition between 
individuals may be high, a non-climatic signal may be present in a tree-ring series.  We 
detrended with smoothing splines, which have more flexibility than traditional methods of 
detrending for removing non-climatic variance (Cook and Peters 1981) using the 
Dendrochronology Program Library in R (dplR) (Bunn 2008).  To determine the best method for 
detrending the site chronologies, we used a technique similar to that of Speer et al. (2009).  Each 
tree-ring series was detrended using a series of cubic smoothing splines starting at a 10-year 
spline and increasing in 5-year increments up to a 35-year cubic spline.  We chose the spline 
interval that minimized the non-climatic signal and maximized the climate signal for each site 
chronology. 
One standardized tree-ring chronology was built from the ring-width series of each site, 
and a combined regional chronology was built including all series from the site chronologies 
using dplR.  We built the regional chronology using all sections included in each site 
chronology.  We created our standardized chronologies with a ring-width index of one and 
homogenized variance (Fritts 1976).   
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Climate Data 
ABS and MW are located within Florida climate division 4; all other sites are located 
within Florida climate division 3.  We used divisional data instead of local data, because 
divisional data represent climate on a larger scale and are not subject to microclimate variation 
(Speer et al. 2009). We obtained monthly mean temperature, monthly precipitation, and 
standardized precipitation index (SPI) for Florida climate divisions 3 and 4 from the National 
Climatic Data Center, Asheville, NC (www.ncdc.noaa.gov/) (Figure 11).  The SPI is a 
meteorological drought index that provides the probability of receiving a certain amount of 
rainfall over a defined time-scale (McKee et al. 1993).  For example, the 3-month SPI for March 
compares the cumulative precipitation for January, February and March to historic patterns of 
precipitation for those three months.  The 12-month SPI for December provides a measure of 
drought for that year because it compares the cumulative precipitation from January to December 
to the historic pattern of January to December precipitation.  Climate measurements from the two 
divisions were highly correlated with one another (Precip r= 0.942, p<0.001; Temp r = 0.998, 
p<0.001; 1-month SPI r= 0.885, p<0.001).  Seasonal values were calculated from the monthly 
data by summing precipitation monthly values and averaging temperatures for each three month 
season (January - March, April - June, July - September, October - December) based on the 
climate data and knowledge of the biology of Q. myrtifolia.  3-month SPI values were used for 
seasonal analysis.  Data from Florida climate divisions 3 and 4 were averaged for the regional 
analysis. 
Climate Response and Site Comparison 
Monthly total precipitation, mean monthly temperature, SPI and the seasonal climate data 
from July of the previous year to December of the current year (18 months) were included in the 
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statistical analyses.  The previous July - December data were included because the previous 
year’s growing season may be important for the current year’s growth (Fritts 1976).  Pearson 
correlation was used to correlate the monthly and the seasonal climate variables with the tree-
ring index for each chronology for the overlapping time frame of the site chronologies with the 
exception of NBL (1969-2008).  
We used a randomization procedure to determine whether the growth-climate 
relationships of Q. myrtifolia were robust between sites (Manly 2006).  Regression models 
relating climate to Q. myrtifolia growth were developed using the monthly climate values that 
were consistently significantly correlated with growth across sites.  We created 1000 
chronologies by randomly selecting each year from one of the 5 site chronologies.  These 
randomized chronologies were modeled against climate to obtain a 95% confidence interval for 
the intercept and each climate parameter coefficient.  If the intercept and parameter coefficients 
for the modeled response of the site chronologies were within the 95% interval obtained from the 
randomization, then the sites could not be distinguished from each other, and the site responses 
were considered robust.  However, if the climate responses were not within the 95% confidence 
range, the sites responses differed. 
Drought Analysis 
We used regression models to determine if any of the Q. myrtifolia chronologies were 
sensitive to seasonal or annual drought.  Seasonal and annual droughts were identified using the 
standardized precipitation index (SPI) calculated on a 3-month and 12- month basis, respectively.  
SPI has a standard definition of drought; values -1 and below indicate moderate to severe 
drought conditions.  In our regression models, drought was designated as a factor (Drought years 
= 1, Non-drought years =2).  We used model selection to identify the 3-month time-frame from 
  
49 
 
the previous year’s July to the current December in which drought had the most significant 
negative relationship with the tree-ring index for each site chronology.  Since drought should 
decrease growth, we only maintained significant models where drought was associated with 
decreased ring-width.  All models within 2 AIC’s were reported.  We also modeled the tree-ring 
index for each site chronology using the 12-month SPI for December to determine the 
relationship between annual drought and growth. 
Site Growth Responses to Drought 
We were interested in comparing the growth response before, during, and after drought 
between sites.  We used the individual detrended ring-width indices for each series to calculate 
changes in the growth response for each site  For each site, we calculated the mean ring width 
index for drought year and percent decline in growth during drought years compared with the 
mean ring-width index for the 5 years prior to drought using the detrended ring width indices for 
each series (Orwig and Abrams 1997).  Recovery after drought was calculated as the percent 
change in growth of the year following drought, compared to the year prior to drought 
(Fekedulegn et al. 2002). 
Results 
Chronology Statistics 
The six site chronologies ranged from 21 years in length for NBL to 86 years in length 
for ABS (Figure 12).  The mean series length ranged from 13.5 years at NBL to 44.7 years at 
MW. The average series intercorrelation for the six site chronologies was 0.569, and average 
mean sensitivity was 0.393 (Table 5), indicating that the trees within each site shared a common 
climate signal (Grissino-Mayer 2001).  The series intercorrelations for these Q. myrtifolia 
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chronologies were in the range previously reported for oak species from the southeastern U.S., 
while the mean sensitivities were higher (Speer et al. 2009; White et al. 2011). 
The series intercorrelation for the regional chronology (0.448) was lower than that of the 
individual site chronologies.  We would expect the regional chronology to have a lower series 
intercorrelation than the site chronologies, because growing conditions are more similar between 
trees within a site than on a regional level (Speer et al. 2009).  Since the regional chronology was 
created using all sections included in each of the site chronologies, some sections were 
negatively or poorly correlated with the master regional series; these were usually young trees or 
trees that experienced periods of suppression. 
Climate Response 
Climate correlations were similar regardless of the length of smoothing spline (15-35 
years) used to detrend the individual series.  Therefore, we used a 15-year smoothing spline. No 
climate correlations were included for NBL due to the short nature of the chronology; however, 
sections from NBL were included in the regional chronology. 
The growth response of Q. myrtifolia to precipitation and SPI was very similar.  This was 
expected since both measure precipitation; SPI provides a measure how precipitation deviates 
from historic precipitation over a specified time period.  Q. myrtifolia growth increased with 
increased spring precipitation and SPI on a seasonal basis at all sites (Figures 13 and 14); 
however, spring SPI was not significant for MW growth.  Growth at each site increased with 
monthly precipitation and SPI during spring; although significant monthly correlations varied 
between sites (Figures 13 and 14).  Growth increased at KSC with increased July precipitation 
(data from Foster et al. submitted) and at ABS and KSC with increased March precipitation 
(Figure 13).  Q. myrtifolia growth decreased following wet autumns at IMS and increased with 
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increasing winter precipitation at ABS (Figures 13 and 14).  Monthly precipitation from the 
previous summer was significantly correlated with increased Q. myrtifolia growth at KSC, ABS, 
and MW (Figure 13) but only growth at ABS increased significantly with previous August’s SPI.  
There was little relationship between growth and temperature for Q. myrtifolia at any site, and no 
consistent patterns between sites (Figure 15). 
Regionally, growth of Q. myrtifolia decreased with droughts during the months March to 
June.  We used these four monthly variables for our randomization procedure to determine if the 
growth response to climate was robust between sites (Table 6).  Models based on March, April, 
May, and June SPI explained between 21.5 and 58.3% of the variance in growth of Q. myrtifolia 
in the site chronologies (Table 7).  Site responses were robust, with the exception of MW (Table 
7).  The coefficient for June SPI was outside of the 95% confidence interval, indicating that MW 
did not exhibit the same growth response to climate as the other sites. 
Drought Analysis 
Seasonal droughts occur throughout the year, but the highest occurrence of droughts 
occurs in the spring (Figure 16).  Seasonal drought significantly decreased Q. myrtifolia growth 
in each of the site chronologies (Table 8).  All sites exhibited decreased growth during spring 
time droughts; however, the specific 3-month period shifted between sites.  The southernmost 
sites, ABS and MW, exhibited the strongest decrease in growth to spring drought over the season 
from March to May (Table 8).  The division 3 sites all had significant decreases in growth during 
droughts in the spring between April and July (Table 8).  Only MW had a significant decrease in 
growth associated with droughts during the previous summer (Table 8). 
Ring-width index was reduced between 14 and 38% during seasonal drought and between 
13 and 33% during annual drought (Table 9).  Drought did not have a prolonged effect on growth 
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at any site; in fact, growth one year following drought was often greater than growth the year 
prior to drought (Table 9).  Growth increased between 6 and 43% the year after seasonal drought 
compared to the year prior to drought, and between 13 and 33% the year after annual drought. 
Discussion 
Our results suggest that the timing of drought is important for Q. myrtifolia growth, with 
spring droughts decreasing growth in central Florida.  Trees growing on drier sites often have a 
stronger drought response than trees on wetter sites (Abrams et al. 1998; Foster and Brooks 
2001; Orwig and Abrams 1997; Scharnweber et al. 2011).  This may explain why spring monthly 
SPI and seasonal droughts explained less of the variance in Q. myrtifolia growth at MW than at 
the other sites.  Trees at MW occurred on more mesic soils, with 94% of the trees located on 
soils classified as poorly drained.  These trees may have more access to water year round, since 
they are on poorly drained soils, and are therefore not as sensitive to drought.  
Spring is an important time for carbon assimilation in scrub, with approximately 40% of 
the annual carbon assimilated in this system taking place during this period (Powell et al. 2006), 
despite the fact that it is a dry period.  Spring is also when Q.myrtifolia is actively growing.  
Radial stem growth of Q. myrtifolia takes place between leaf flush and the end of June (Hymus 
et al. 2001), and most of the addition of aboveground biomass in the system occurs between 
April and July (Powell et al. 2006).  Although there is some variation, leaf flush usually occurs in 
March or early April.  Since the active growing period in Q. myrtifolia occurs during the dry 
season, it is not surprising that precipitation during this season is important for growth.  The 
importance of precipitation during this period may be amplified because this is also the season 
when droughts are most common (Figure 16).  During spring droughts, photosynthesis decreases 
due to stomatal regulation in Q. myrtifolia (unpublished data), resulting in decreased carbon 
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assimilation and decreased growth.  Seasonal spring precipitation was important for growth at all 
sites; although the exact timing varied.  Growth of Q. myrtifolia at the two southern sites, ABS, 
was decreased by droughts that occurred between March and May; whereas, growth at the 
northern sites was sensitive to drought between April and July.  This offset may be explained by 
earlier leaf flush and the onset of growth at the southern sites due to warmer temperatures.  Early 
growing season precipitation was also found to be important for Appalachian oaks (Speer et al. 
2009; White et al. 2011). 
Droughts occurring after the spring when the majority of radial growth has been 
completed may impact growth the following year.  Several summer and fall droughts occurred 
over the time frame of this study.  Three sites showed a relationship between increased growth 
and increased precipitation during the previous summer; however, only Q. myrtifolia growth at 
MW was decreased by droughts occurring the previous summer.  This agrees with studies on 
other southeastern oaks which showed a relationship between increased growth with 
precipitation during the previous summer (Speer et al. 2009; White et al. 2011).  Carbon 
assimilation in Florida scrub during the four summer months averaged only about 12% of the 
annual carbon assimilation; the system was a source of carbon during dry summers (Powell et al. 
2006), suggesting that conditions during this period are not nearly as important for carbon 
acquisition as the remainder of the year.  However, droughts during the summer months may 
decrease leaf quantity and quality resulting in early leaf fall and may negatively affect buds 
formed during this time (Breda et al. 2006).  Decreased quality or quantity of foliage may 
decrease carbon assimilated through the remainder of the year, resulting in less carbon available 
for earlywood growth and leaf flush.  Buds formed during the drought could result in decreased 
leaf production the following year when the bud expands (Breda et al. 2006).  Although Q. 
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myrtifolia has extensive belowground carbon stores, stem growth of Q. myrtifolia is dependent 
on recently assimilated carbon (Langley et al. 2002). 
Why did MW exhibit a decrease growth response to droughts in the previous summer 
while the other sites did not?  We suggest that summers are seldom dry enough to result in 
drought stress for Q. myrtifolia on most xeric sites.  Dry summers still receive 33% more 
precipitation than an average spring (Figure 11), the driest July-September between 1920 and 
2008 received approximately the same amount of precipitation as the average April-June.  In 8 
years of field measurements at ABS, predawn water potentials never exceeded the wilting point 
during summer months for two scrub oaks (Saha et al. 2009).  These data suggest that the 
summer in central Florida rarely, if ever, gets dry enough to limit growth.  However, Q. 
myrtifolia on mesic sites like MW might be sensitive to summer droughts because of shallow 
rooting.  Rooting depth in mesic sites is often limited by the presence of a spodic horizon.  The 
increased evaporative demand during dry summers can cause the shallow soil layer above the 
spodic horizon to become increasingly dry and the lack of ability for roots to penetrate the spodic 
horizon may lead to drought conditions (Abrahamson and Hartnett 1990).  
Seasonal droughts explained more of the variation in growth of Q. myrtifolia than annual 
droughts.  In central Florida, we have distinct wet and dry seasons.  During our rainy season 
tropical weather can largely impact precipitation patterns.  Drought determinations based on 
annual precipitation might not include important dry season droughts because of increased rainy 
season activity or because of tropical storms that produce heavy rainfall during the late summer 
or early fall.  Fewer annuals droughts occurred compared to seasonal spring droughts over the 
course of this study.   
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Oaks have a variety of morphological and physiological traits that enable them to tolerate 
or avoid water stress on xeric sites (Abrams 1990).  Although, Q. myrtifolia exhibits several 
morphological traits for drought tolerance, growth was decreased by seasonal droughts and by 
annual droughts in some sites.  During spring drought, Saha et al. (2009) measured decreased 
stomatal conductance, decreased predawn water potentials, and some leaf and branch damage of 
Q. myrtifolia.  Decreased photosynthesis and aboveground biomass increment have also been 
documented during drought conditions (Dijkstra et al. 2002; Li et al. 2007a).  Q. myrtifolia 
recovered rapidly following spring drought with growth equaling or exceeding mean growth the 
year following drought (Table 9).  Other studies have mixed results on the recovery of oak 
growth after drought.  Recovery of growth of Q. rubra L. was rapid following two droughts, with 
growth the year after drought meeting or exceeding growth prior to the drought year (Fekedulegn 
et al. 2002).  Recovery of Q. alba L. growth varied depending on the year of drought and the 
habitat, but in some cases recovery took two or more years (Jacobi and Tainter 1988; Orwig and 
Abrams 1997).  Our data suggest that although spring drought impacts growth for that year, 
carbon assimilation is occurring during favorable times, which can be used for growth the 
following spring.   
In some cases, oak growth does not recover after injury caused by drought, leading to 
decline and ultimately mortality (Voelker et al. 2008).  Although the physiological mechanisms 
for decline and mortality following drought have not been fully elicited, carbon starvation is 
thought to play a key role in drought induced mortality along with hydraulic failure (McDowell 
et al. 2008; McDowell et al. 2011).  Carbon starvation is hypothesized to occur when 
photosynthesis ceases during stomata closure and carbohydrate stores are depleted to maintain 
metabolism (McDowell et al. 2008).  Evidence of carbon starvation was found experimentally 
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when drought was accompanied with increased temperatures (Adams et al. 2009).  Drought 
tolerant oaks that have many adaptations to prevent hydrologic failure during drought, including 
stomatal regulation of water loss, may be susceptible to carbon starvation under extreme drought 
conditions.   
In the only study of mortality of scrub species associated with drought, two co-occurring 
scrub oak species experienced leaf damage but no mortality during the spring drought of 2006 
(Saha et al. 2009).  Florida scrub is a fire maintained system which experiences stand replacing 
fires on a relatively frequent fire return interval, the dominant scrub species all resprout after fire.  
Extensive belowground structures; rhizomes, stems and lignotubers, store large amounts of 
carbon; approximately 80% of scrub biomass occurs belowground with the largest faction being 
coarse roots greater than 5 mm (Day et al. 2013).  Belowground carbon in this system has a 
residence time that exceeds 3 years (Langley et al. 2002).  This extensive belowground biomass 
may be able to mitigate the effects of drought, by preventing carbon starvation in Q. myrtifolia.  
Predicted climate changes that increase frequency of drought particularly in spring, may result in 
substantial decreases in Q.myrtifolia growth during drought years.  But based on the lack of 
temperature sensitivity in Q. myrtifolia growth and our current knowledge of scrub oak responses 
to drought, we would not expect high levels of oak mortality associated with those droughts even 
if they were associated with increased temperatures.   
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Table 4:  Characteristics of scrub study sites in central Florida where Q. myrtifolia sections were sampled.  
Study Site  
(site code) 
Size 
(ha) Ridge 
Number 
of trees Soil series
a Drainage (sample size) 
Kennedy Space 
Center (KSC)b 63475 
Merritt 
Island/Cape 
Canaveral 
65 2, 4, 6, 7, 8, 9, 10, 13e 
Poorly (8), moderately (8), well (15) to 
excessively well drained (34) 
Fox Lake (FL)c 1011.7 Atlantic Coastal 20 7, 10, 12e Poorly (14) to moderately well drained (6) 
Indian Mound 
Station (IMS)c 34.4 Atlantic Coastal 18 3, 7, 9, 11
e Poorly (3) to excessively well drained (15) 
North Buck Lake 
(NBL)c 66.4 Atlantic Coastal 12 8, 10
e Moderately (5) to well drained (7) 
Archbold 
Biological Station 
(ABS)d 
2101.5 Lake Wales 31 1, 5, 8, 9f Moderately (10)  to excessively  well-drained (21) 
Malabar West 
(MW)c 70.8 Atlantic Coastal 17 7, 10
e Poorly (16) to moderately well drained (1) 
a
 Soil series: 1Astatula, 2Canaveral, 3Candler, 4Cocoa, 5Daytona, 6Immokalee, 7Myakka, 8Orsino, 9Paola, 10Pomello, 11St. Lucie, 12St. 
Johns, 13Welaka 
bDuncan and Schmalzer (2004) 
cwww.brevardcounty.us/EELProgram/Home/ 
dwww.archbold-station.org 
eHuckle et al. (1974) 
fCarter et al. (1989) 
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Table 5:  Statistics from COFECHA for each of the site tree-ring chronologies and the regional chronology. The number of trees 
differs from Table 4; this is the number of trees included in the final chronology for each site.  KSC data from Foster et al. submitted. 
Chronology Number of 
trees 
Numbers of 
cores 
Interval Mean series 
length (years) 
Series 
intercorrelation 
Mean 
sensitivity 
1st order 
Autocorrelation  
Kennedy Space 
Center 
58 116 1940-2008 27.0 0.544 0.455 -0.083 
Fox Lake 20 40 1955-2008 38.4 0.545 0.376 0.030 
Indian Mound 17 34 1968-2008 30.4 0.631 0.354 -0.068 
North Buck Lake 11 22 1988-2008 13.5 0.568 0.352 0.055 
Archbold 
Biological Station 
27 54 1923-2008 41.4 0.547 0.442 -0.125 
Malabar West 17 34 1961-2008 44.7 0.577 0.379 0.089 
Regional 150 300 1923-2008 32.5 0.448 0.414 -0.056 
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Table 6:  The lower and upper bounds of the 95% confidence interval for the intercept and 
coefficients of the 1-month standardized precipitation index based on the results from the 
randomization (n=1000) runs where March, April, May and June SPI was regressed against the 
randomized chronologies. 
 
 
 Lower 
bound 
Upper bound 
Division 3 Intercept 0.9366 1.017 
 March SPI 0.0234 0.1100 
 April SPI 0.0449 0.1265 
 May SPI -0.0205 0.0658 
 June SPI -0.0189 0.0773 
Division 4 Intercept 0.9450 1.0237 
 March SPI 0.0174 0.0975 
 April SPI 0.0482 0.1264 
 May SPI 0.01564 0.0959 
 June SPI 0.0174 0.1034 
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Table 7:  Models for each site chronology regressing March, April, May, and June 1-month standardized precipitation index against 
ring-with index.  These models were used to determine if the climate-growth response was robust between sites by comparing the 
parameter coefficients to the 95% confidence interval obtained from the randomization procedure.  Bold indicates values outside of 
the 95% confidence bounds from the randomization procedure.  * indicate significant Durbin-Watson test for auto-correlation. 
 
Durbin-
Watson Model p Model R
2 Climate parameters Coefficient Standard Error 
Standardized 
coefficient Parameter p 
Kennedy Space 
Center 1.744 <0.001 0.583 
Constant 
March SPI 
April SPI 
May SPI 
June SPI 
0.9720 
0.1016 
0.1001 
0.0146 
0.0655 
0.0247 
0.0239 
0.0278 
0.0255 
0.0250 
 
0.446 
0.444 
0.066 
0.298 
<0.001 
<0.001 
<0.001 
0.569 
0.013 
Fox Lake 2.091 0.003 0.286 
Constant 
March SPI 
April SPI 
May SPI 
June SPI 
0.9815 
0.0694 
0.0813 
0.0004 
0.0342 
0.0291 
0.0282 
0.0328 
0.0300 
0.0295 
 
0.338 
0.399 
0.002 
0.173 
<0.001 
0.019 
0.018 
0.989 
0.253 
Indian Mound 1.708 <0.001 0.510 
Constant 
March SPI 
April SPI 
May SPI 
June SPI 
0.9782 
0.0355 
0.0839 
0.0367 
0.0627 
0.0231 
0.0223 
0.0260 
0.0238 
0.0234 
 
0.181 
0.431 
0.192 
0.331 
<0.001 
0.121 
0.003 
0.132 
.011 
Archbold 
Biological 
Station 
2.664* 0.002 0.314 
Constant 
March SPI 
April SPI 
May SPI 
June SPI 
0.9758 
0.0859 
0.0540 
0.0797 
0.0578 
0.0314 
0.0312 
0.0337 
0.0319 
0.0318 
 
0.383 
0.217 
0.340 
0.253 
<0.001 
0.009 
0.118 
0.017 
0.077 
Malabar West 1.520 0.014 0.215 
Constant 
March SPI 
April SPI 
May SPI 
June SPI 
0.9907 
0.0466 
0.0973 
0.0349 
0.0108 
0.0300 
0.0297 
0.0321 
0.0304 
0.0302 
 
0.234 
0.440 
0.167 
0.053 
<0.001 
0.126 
0.005 
0.258 
0.724 
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Table 8:  Models regressing seasonal drought (3-month SPI) and annual drought (December 12-month SPI) to ring-width index for 
each site.  The coefficients and standard error were obtained using the means model by removing the intercept; so the coefficients and 
standard errors are the mean ring width index (SE) for the drought and non-drought years.  
Seasonal SPI 3-
month Variable Coefficient (SE) Model AICc Weight Model p Model R
2 
Kennedy Space 
Center June 
Drought 
Non-Drought 
0.6520 (0.0695) 
1.0381 (0.0320) -17.3 0.938 <0.001 0.385 
Fox Lakea July Drought  Non-Drought 
0.7531 (0.0874) 
1.0115 (0.0330) -12.5 0.345 0.009 0.146 
Indian Mound 
June Drought Non-Drought 
0.7113 (0.0625) 
1.0210 (0.0288) -25.8 0.602 <0.001 0.330 
July Drought  Non-Drought 
0.6619 (0.0748) 
1.0132 (0.0283) -24.9 0.391 <0.001 0.316 
Archbold 
Biological 
Station 
May Drought Non-Drought 
0.7961 (0.0677) 
1.0256 (0.0391) -5.1 0.627 0.006 0.163 
Malabarb West 
pAugust Drought Non-Drought 
0.7911 (0.0798) 
1.0080 (0.0335) -12.4 0.120 0.017 0.119 
May Drought Non-Drought 
0.8565 (0.0629) 
1.0152 (0.0363) -11.0 0.060 0.035 0.088 
Annual SPI 12-
month Variable Coefficient (SE)   Model p Model R
2 
Kennedy Space 
Center December 
Drought 
Non-Drought 
0.6376 (0.0893) 
1.0181 (0.0337)   <0.001 0.277 
Fox Lake December Drought Non-Drought 
0.8297 (0.0922) 
1.0006 (0.0349)   0.091 0.049 
Indian Mounds December Drought Non-Drought 
0.7604 (0.0843) 
0.9963 (0.0319)   0.013 0.130 
Archbold 
Biological 
Station 
December Drought Non-Drought 
0.7986 (0.0921) 
0.9982 (0.0387)   0.053 0.071 
Malabar West December Drought Non-Drought 
0.9328 (0.0859) 
0.9830 (0.0361)   0.592 -0.019 
aFL- pSeptember was selected as a model with weight; however, drought in this 3 month period was related to increased growth. 
bMW- October and September were selected as models with weight; however, droughts in these 3-month periods were related to 
increased growth.  
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Table 9:  Mean (standard error) ring-width index (RWI) for the drought years and percent change in RWI (standard error) for drought 
and non-drought years for each site based on detrended series.  
 
Mean Drought 
year RWI 
Mean Post-drought 
year RWI 
Mean Pre-
drought year RWI 
Post-drought vs Pre-
drought (%) 
Drought vs 5 year 
pre-drought (%) 
Annual drought      
Kennedy Space 
Center 0.671 (0.013) 1.192 (0.021) 1.050 (0.18) 31.72% (6.01) -33.18% (1.56) 
Fox Lake 0.830 (0.020) 1.131 (0.024) 1.057 (0.032) 33.43% (6.45) -13.00% (2.65) 
Indian Mound 0.808 (0.024) 1.079 (0.023) 1.109 (0.032) 13.71% (6.06) -19.62% (2.94) 
Archbold Biological 
Station 0.805 (0.019) 0.924 (0.023) 0.980 (0.032) 27.30% (6.29) -17.54% (2.81) 
Malabar West 0.948 (0.025) 1.120 (0.041) 1.064 (0.033) 28.80% (6.55) 2.90% (3.02) 
Seasonal drought      
Kennedy Space 
Center 0.648 (0.013) 1.180 (0.018) 0.978 (0.017) 43.60% (5.87) -37.75% (1.30) 
Fox Lake 0.745 (0.016) 0.982 (0.022) 1.151 (0.028) -3.12% (3.55) -27.65% (2.05) 
Indian Mound 0.750 (0.017) 1.041 (0.023) 0.995 (0.020) 6.61% (8.14) -24.34% (2.08) 
Archbold Biological 
Station 0.821 (0.016) 1.060 (0.024) 1.041 (0.024) 34.55% (5.31) -14.15% (2.23) 
Malabar West 0.799 (0.18) 1.132 (0.026) 0.955 (0.021) 36.13% (5.88) -15.11 (2.61) 
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0 7035 Kilometers
 
 
Figure 10:  Map of site locations. NBL= North Buck Lake, IMS = Indian Mound Sanctuary, FL = Fox Lake, KSC=Kennedy Space 
Center/Merritt Island National Wildlife Refuge, MW=Malabar West, ABS=Archbold Biological Station.  ABS is located on the Lake 
Wales Ridge, NBL,IMS, FL, MW are located on the Atlantic Coastal Ridge, and KSC is located on the Merritt Island/Cape Canaveral 
Ridge. 
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Figure 11:  Box and whisker plots with median (center line), 25th and 75th percentiles (lower and 
upper bounds of shaded box), 10th and 90th percentiles (lower and upper whiskers), and the 5th 
and 95th percentiles (circles) showing the seasonal patterns of precipitation, temperature, 
potential evapotranspiration (PET), and precipitation minus potential evapotranspiration (P-PET) 
for the period 1920-2008 for Florida climate divisions 3 and 4 (data obtained from National 
Climatic Data Center). 
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Figure 12:  Tree-ring chronologies for each site and for the region.  The shaded area indicates the 
number of sections used to build the chronology.  KSC data from Foster et al. (submitted).  Site 
abbreviations as in Figure 10. 
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Figure 13:  The response of the site and regional chronologies to precipitation for the time frame 
1969-2008.  Black bars indicate significant correlation coefficients at the 0.05 level.  KSC data 
from Foster et al. (submitted).  Site abbreviations as in Figure 10. 
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Figure 14:  The response of the site and regional chronologies to the 1-month standardized 
precipitation index for the time frame of 1969-2008.  Black bars indicate significant correlation 
coefficients at the 0.05 level.  KSC data from Foster et al. (submitted).  Site abbreviations as in 
Figure 10. 
 
  
68 
 
-0.4
-0.2
0.0
0.2
0.4
-0.4
-0.2
0.0
0.2
0.4
-0.4
-0.2
0.0
0.2
0.4
Co
rr
e
la
tio
n
 
co
e
ffi
ci
e
n
t
-0.4
-0.2
0.0
0.2
0.4
-0.4
-0.2
0.0
0.2
0.4
pJ pA pS pO pN pD Jan Fe
b
Ma
r
Ap
r
Ma
y
Ju
n Ju
l
Au
g
Se
p Oc
t
No
v
De
c
pJ
AS
pO
ND JF
M
AM
J
JA
S
ON
D
-0.4
-0.2
0.0
0.2
0.4
KSC
FL
IMS
ABS
MW
Regional Q. myrtifolia
 
Figure 15:  The response of the site and regional chronologies to temperature for the time frame 
of 1969-2008.  Black bars indicate significant correlation coefficients at the 0.05 level.  KSC 
data from Foster et al. (submitted).  Site abbreviations as in Figure 10. 
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Figure 16:  The number of seasonal and annual droughts during the time frame from 1969-2008.  
Seasonal droughts are droughts lasting in duration of three months obtained from the 3-month 
standardized precipitation index.  Annual droughts are droughts lasting in duration of 12 months 
and obtained from the 12-month standardized precipitation index for December.  All 
standardized precipitation index values were obtained for Florida climate divisions 3 and 4 from 
National Climatic Data Center. 
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CHAPTER FOUR:  DISTRIBUTION AND PHYSIOLOGICAL FUNCTION OF THREE 
CO-OCCURING SCRUB OAKS ALONG A ONE METER GRADIENT IN ELEVATION 
Abstract 
Climatic factors often limit species distributions and plant physiological functions over 
large elevation gradients. However, on small elevation gradients, hydrologic variation may have 
strong effects on the distribution of species and the physiological function within a species.  We 
used point intercept sampling along a ridge-swale gradient at the Kennedy Space Center on 
Merritt Island Florida to study the distribution and physiology of three co-occurring Florida 
scrub oak species (Chapman oak (Quercus chapmanii), sand live oak (Quercus geminata) and 
myrtle oak (Quercus myrtifolia)) over a small (1.2 m) elevation gradient.  Elevation served as a 
good proxy for depth to water table; water table depth increased with elevation.  Cover of all 
three scrub oaks increased with increasing elevation.  Physiological performance varied within 
only a single species (sand live oak) along the elevation gradient, with individuals growing at 
lower elevations being more sensitive to drought conditions than individuals growing on the 
ridge.  However, there was variation between species in physiological performance.  All three 
oak species exhibited stomatal regulation of water use efficiency during drought conditions; 
Chapman oak did not exhibit decreased photosynthetic activity during drought.  Variation in leaf 
phenology may help account for the different responses to drought exhibited.  If frequency and 
duration of extreme climatic events increases, we would expect to see increased stress responses 
in oaks growing at lower elevation sites.  
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Introduction 
Spatial variation in species distributions and physiological function often occurs along 
large elevation gradients on scales of tens to hundreds of meters (Richardson and Berlyn 2002; 
Sparks and Ehleringer 1997; Zhang et al. 2005).  Differences in climate conditions between low 
and high elevation sites provide much of the explanation for this variation, particularly 
differences in precipitation, temperature, and irradiance (Damesin et al. 1997; Johnson et al. 
2004).  The varying climate along large elevation gradients expose some individuals to more 
stressful growing conditions compared to other individuals within a species distributional range.  
Stressful growing conditions may cause decreased physiological activity that can be detected in 
gas exchange, reflectance, and fluorescence measurements (Johnson et al. 2004; Richardson and 
Berlyn 2002; Richardson et al. 2003; Richardson et al. 2001). 
Few studies have examined how physiological function of upland species changes over 
small elevation gradients where climatic conditions do not differ (Bai et al. 2008).  Species 
distributions and physiological function along small elevation gradients are not controlled by 
climate but may be controlled by hydrology.  Changes in hydrology, particularly depth to water 
table, alter productivity (Ford et al. 2008), physiology (Horton et al. 2001) and distribution of 
species (Allen-Diaz 1991).  Silvertown et al. (1999) proposed that co-existing species segregate 
into niches along fine scale hydrologic gradients determined by a trade-off between drought and 
aeration stress.  Recent work has found that species in diverse systems segregate into niches 
based on fine-scale hydrologic gradients (Araya et al. 2011).  Fine-scale environmental variation 
may sometimes play an important role in co-existence of highly similar species (Amarasekare 
2003). 
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Here we focus on a system in which the transition from mesic to xeric occurs on the scale 
of centimeters to meters instead of tens or hundreds of meters.  The ridge-swale topography of 
peninsular Florida consists of ancient sand dunes with interleaving swales (Myers and Ewel 
1990).  The ridge tops are excessively well drained and nutrient poor supporting xeric 
ecosystems, sandhill and Florida scrub.  The elevation gradient between xeric ridges and swales 
can be as little as a meter and is usually on the scale of meters (Abrahamson et al. 1984).  These 
small changes in elevation can cause substantial differences in the position of the water table, 
altering leaching, organic matter accumulation and soil horizon formation (Schmalzer et al. 
2001).  Habitat conditions range from xeric on the scrub ridge, mesic on the intermediate slope, 
and hydric in the swales.  Species composition also varies greatly over these small elevation 
gradients (Boughton et al. 2006; Huck 1987; Mulvania 1931).  Ridges where Florida scrub 
occurs are dominated by several co-occurring oak species, and percent cover of oaks decreases 
with decreased water table depth (Schmalzer and Hinkle 1992).  However, few studies examine 
how the distribution of the co-occurring scrub oak species vary with elevation (Mulvania 1931; 
Ruth et al. 2007) and only one study that we know of examines differences in physiological 
response of Florida scrub oaks between xeric and mesic locations (Bostater et al. 1994).  In this 
study we consider three co-occuring scrub oaks over a 1.2 m elevation gradient; the scale of this 
study ensures that climate and mineral availability do not vary substantially along the gradient. 
Therefore, we focus on water availability as being the primary contributor to distribution and 
physiological functioning of these species.   
Oak species have been shown to exhibit differences in photosynthesis, stomatal 
conductance, and stable carbon isotope ratio when grown at sites with different water 
availabilities (Damesin et al. 1997; Sala and Tenhunen 1994; Turnbull et al. 2002).  We were 
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interested in determining how the distributions of three co-occurring oak species varied along the 
small elevation gradient of the ridge-swale topography, and if the elevation gradient served as an 
indicator of depth to water table.  Secondly, we were interested in asking whether physiological 
functioning within species varied over the ridge-swale elevation gradient.  Since it was our 
expectation that elevation was an indicator of depth to water table in this system, we selected 
instantaneous physiological measurements that are useful for determining plant water status: gas 
exchange, fluorescence, and reflectance measurements.  We also included integrated measures of 
physiological function: leaf nitrogen, leaf carbon, stable carbon isotope ratio (δ13C), and stable 
nitrogen isotope ratio (δ15N).  This suite of parameters should enable us to determine if 
physiological functioning within a species varies depending on depth to water table or nitrogen 
content.  Changes in physiological function might be due to increased water availability, 
increased nitrogen availability or both; the leaf nitrogen content measurements allow us to 
examine the potential importance of nitrogen availability on the photosynthetic apparatus.  Plants 
with more access to water should have greater stomatal conductance, decreased water use 
efficiency (WUE), and δ13C.  Water-stressed plants should have decreased photosynthesis and 
stomatal conductance but increased WUE, along with decreases in fluorescence measurements of 
electron transport and reflectance indices.   
Methods 
Site Description 
Our study was conducted at the John F. Kennedy Space Center and Merritt Island 
National Wildlife Refuge (KSC) on the east central coast of Florida on the Merritt Island-Cape 
Canaveral barrier island complex.  The climate is humid subtropical.  Mean annual air 
temperature is 22.3oC with annual high temperatures occurring in July (28.0oC) and low 
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temperatures in January (15.5oC).  Annual precipitation averages 134 cm, with approximately 
60% of the precipitation occurring between June and September (data obtained from the National 
Climatic Data Center, Titusville Station). 
Merritt Island was formed as a prograding barrier island and consists of multiple dune 
ridges from successive stages in growth (White 1970).  The sand ridges, although low in 
elevation (3.0-3.7 m), consist of well-drained soils supporting scrub vegetation and are separated 
by lower-lying areas with poorly-drained soils that support flatwoods or freshwater swales 
(Schmalzer et al. 1999).  Vegetation on the ridges is classified as oak palmetto scrub or scrubby 
flatwoods and is dominated by evergreen oaks (Chapman oak [Quercus chapmanii Sarg.], sand 
live oak [Quercus geminata Small], and myrtle oak [Quercus myrtifolia Willd.]), saw palmetto 
(Serenoa repens (W. Bartram) Small), and ericaceous shrubs.  The permeable sandy soils of the 
ridges are the primary area for groundwater recharge (Schmalzer and Hensley 2001).  The lower-
lying soils that favor flatwoods and freshwater swales often have a spodic horizon that impedes 
infiltration (Schmalzer and Hensley 2001).  Flatwoods at KSC are dominated by saw palmetto, 
fetterbush (Lyonia lucida (Lam) K. Koch), wiregrass (Aristida stricta Michx.) and often have an 
overstory of slash pine (Pinus elliottii Engelm. var. densa Little and Dorman).  The freshwater 
swales are dominated by graminoids. 
Our study site covers approximately 2.3 ha in the ridge-swale landscape in the southern 
section of KSC.  The study area consists of a portion of a scrub ridge with swales on both the 
west and east sides.  The elevation change from the edge of the swale to the highest point of the 
ridge based on 0.5 m resolution LIDAR imagery (Angelo et al. 2010) was 1.2 m ranging from 
2.2 m to 3.4 m.  All elevation measurements based on the LIDAR imagery are reported in m 
NVD88 (North American Vertical Datum 1988). 
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Species Composition and Elevation 
We created five elevation categories with 0.2 m increments except for the highest 
elevation category which consisted of a 0.4 m increment (Category 1 = 2.2-2.4 m, Category 2 = 
2.4-2.6 m, Category 3=2.6-2.8 m, Category 4=2.8-3.0 m and Category 5 >3.0 m).  Using ArcGIS 
(ESRI; Redlands, CA), we selected 500 random points within each category that did not occur 
within 0.5 m of a category boundary, and obtained the elevation for each point by extracting 
elevations from the LIDAR imagery.  The first 100 random points in each category at least 1.0 m 
away from any other point were selected for inclusion in the species composition study.  In 
January of 2010, we documented species occurrence at each of these randomly generated points 
using the point intercept method (Mueller-Dombois and Ellenberg 1974).  Navigation to the 
random points was done using a sub-meter differentially corrected GPS (Trimble ProXR; 
Sunnyvale, CA).  Percent species composition for each category was calculated based on the 
number of random points a species was present divided by the total number of random points 
sampled (n=100).  We used logistic regression to model the relationship between elevation and 
species presence using the Regression Modeling Strategies (rms) package in R (Harrell 2013). 
The elevation range for each of the dominant three scrub oak species was determined 
from the species composition results.  Thirty individuals of each oak species were tagged 
permanently and GPS coordinates collected using a sub-meter differentially corrected GPS. One 
sand live oak individual could not be relocated after the initial tagging.  The elevation for each 
tagged oak was obtained from 0.5 m resolution LIDAR imagery (Angelo et al. 2010). 
Precipitation and Water Table  
Precipitation data were obtained for the area using hourly Next-Generation Radar 
(NEXRAD) data (OneRAin Corp, Longmont, CO).  NEXRAD precipitation data are available 
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for 2 km grid cells.  For this study, we selected the grid cell directly over our research site and 
the eight surrounding grid cells.  We took the daily precipitation averaged from all nine cells to 
estimate the daily precipitation for our site.  Since we only had access to NEXRAD data from 
January 1, 2010, we compared the NEXRAD data to the long-term precipitation data (1920-
2011) from the Titusville weather station (USC00088942, National Climatic Data Center, 
www.ncdc.noaa.gov) to determine how our monthly precipitation compared to the long-term 
mean by calculating monthly percent deviation from the mean.  We calculated cumulative 
rainfall (1 to 14 weeks) by adding daily rainfall for the length for time of interest from June 2010 
to December of 2011.  
We installed five water table monitoring wells along the elevation gradient in the spring 
of 2010 (2.61 m, 2.72 m, 2.82 m, 2.96 m, and 3.15 m) to determine depth to water table.  These 
wells were comprised of 2 inch PVC attached to a well point, inserted into a hand augured hole.  
Data loggers (WL 16, Global Water Instrumentation, Inc, Gold River, CA) were placed in each 
monitoring well and water levels were logged automatically every 15 minutes.  In June 2011, the 
well at 2.61 m went dry and we deepened the well.  Upon subsequent examination of the data, 
we discovered there was a perched water table in this area that we had initially been monitoring 
when the well was shallower.  We installed a sixth well (2.53 m) next to the existing well and 
used this well to follow the changes occurring in the perched water table.  
Integrated Physiological Variables 
We collected several mature sun leaves from each of the permanently tagged oaks during 
November 2010 and December 2011.  The leaves from each individual sampling event were 
combined into a single sample and dried.  The samples were sent to the Stable Isotope Ratio 
Facility for Environmental Research at the University of Utah (SIRFER; Salt Lake City, UT) for 
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sample preparation and analysis.  Each sample was analyzed for the carbon isotope ratio (δ13C), 
nitrogen isotope ratio (δ15N), percent carbon (%C), and percent nitrogen (%N) using an isotope 
ratio mass spectrometer. 
Instantaneous Physiological Measurements 
Instantaneous gas exchange was measured using a portable photosynthesis system (Li-
Cor 6400, Li-Cor, Lincoln, NE).  We controlled levels of carbon dioxide (400 µmols CO2 mol-1), 
flow (500 µmols s-1) and light (1500 µmols m2 s-1).  The light level used was shown previously 
to be above the light saturation point for all three of the oak species (Foster and Brooks 2002).  If 
air temperature exceeded 35oC, the cooling fan was set to maintain the temperature at 35oC since 
this is near the upper range of summer temperatures.  We maintained all other conditions at 
ambient levels.  Measurements were made with eight individuals of each oak species: four on the 
scrub ridge and four in the scrubby flatwoods (elevation categories 5 and 3, respectively).  These 
individuals were not among those permanently tagged.  Three sunlit leaves were sampled for 
each individual monthly (May, June, July, August, September, and November 2011) between 
8:30 and 11:00 am to avoid midday stomatal closure.  Photosynthesis at light saturation (Amax), 
conductance at light saturation (gmax) and intrinsic water use efficiency (Amax/gmax) were obtained 
from each measurement.  After measurement in the field, each leaf was collected, and leaf area 
was determined using a leaf area meter (Li-Cor 3100C, Li-Cor, Lincoln, NE).  Gas exchange 
measurements were corrected for leaf area prior to analysis.  We recorded anomalous readings 
for conductance during our June sampling of sand live oak with extremely high variance such 
that conductance and photosynthesis were not correlated.  Therefore, our analyses exclude gas 
exchange measurements of sand live oak for June. 
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Chlorophyll fluorescence was measured using an OS5p chlorophyll fluorometer (Opti-
Sciences, Tyngsboro, MA).  We sampled the maximum efficiency of photosystem II (Fv/Fm) in 
the early morning hours before daylight (3:00 am – 6:30 am).  Fv/Fm was measured on 5 leaves 
of each of the tagged oaks monthly from June to October 2011.  We sampled light adapted 
quantum yield (Y) and electron transport rate (ETR) on sunny days between noon and 15:00.  
Three to five full sun leaves of each tagged oak were sampled monthly from May to October 
2011.  No midday measurements were made in August 2011 because there were 24 days of rain 
and the remaining days were often cloudy. 
Midday leaf spectral reflectance was measured between noon and 15:00 on sunny days 
using a UniSpec Spectral Analysis System (PP Systems; Haverhill, MA) over the spectrum from 
306 nm – 1140 nm.  Five sun leaves were sampled on each of the permanently tagged oaks.  In 
2010, measurements were taken monthly from May to November.  In 2011, due to equipment 
difficulties, we were unable to sample all individuals in May and no sampling took place in June.  
We sampled in July, September, October and December.  No midday measurements were taken 
in August of 2011 as noted above. 
We calculated two reflectance indices, the modified Normalized Difference Vegetation 
Index (modNDVI [(R750-R705)/(R750+R705-2R445)]) and the Photochemical Reflectance Index 
(PRI [(R531-R570)/(R531+R570)]).  NDVI  is related to chlorophyll content  (Sims and Gamon 
2002) and PRI is related to photosynthetic radiation use efficiency and the efficiency of 
photosystem II (Penuelas et al. 1995).  All indices were calculated using R (R Core Team 2012). 
Statistical Analysis 
We used linear mixed effects models to address two sets of questions.  First we asked 
how the time of sampling and elevation affected variation in integrated and instantaneous 
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physiological parameters for each species.  To address this question, we created models for each 
integrated and instantaneous measurement.  For the integrated measures, our full model included 
the three-way interaction between species, elevation, and year.  For the instantaneous measures, 
our full model included the two way interaction between the time of sampling and elevation. 
Our second question was whether the variation of the instantaneous measurements 
depended on water availability.  To address this, we used the Standardized Precipitation Index 
(SPI).  SPI is a drought index based on the probability of a certain amount of precipitation 
occurring, standardized to the historic median precipitation that  can be calculated over varying 
time scales (McKee et al. 1993).  Values of SPI between -0.5 and 0.5 are taken to indicate 
normal conditions; values less than -0.5 or greater than 0.5 are taken to indicate drier and wetter 
conditions, respectively. We obtained SPI values calculated on a 1-month (SPI01), 9-month 
(SPI09) and 12-month (SP12) time scale for north central Florida (climate division 3) from the 
National Climatic Data Center.   These time scales represent water availability on a short to long-
term basis.  The response of each instantaneous parameter was modeled separately using a suite 
of models.  The suite of models included a three-way interaction between elevation, the SPI 
measures, and species along with a series of simpler models. 
In all cases, we determined the best supported random effects structure using the full 
model.  Once the best supported random effect structure was identified for each model, we then 
identified the best fixed effect model or set of models by model selection using information 
criterion (Burnham and Anderson 2002).  If two models had AICs within 2 units of each other, 
and the models were nested, we selected the simpler model.  We used the lme4 and lmerTest 
packages (Bates et al. 2013; Kuznetsova et al. 2013) in R (R Core Team 2012) for all modeling. 
 80 
 
Results 
Species Composition and Elevation 
We identified 24 species and bare ground in the study area from the point intercept 
sampling (Table B1).  Eleven of the 24 species identified, as well as bare ground, had greater 
than 3% cover across the study area (Figure 17) with six species having significant relationships 
between percent cover and elevation (Figure 18).  Other species showed trends with elevation, 
but the count numbers were too low to model species distribution along the gradient accurately 
(Figure 17).  Curtiss’ sandgrass (Calamovilfa curtissii (Vasey) Scribn.), a wetland species, had 
the highest probability of occurrence at the lowest elevations.  Two common flatwoods species, 
wiregrass (Aristida stricta (Michx.) var. beyrichiana (Trin. and Rupr.) D.B. Ward) and dwarf 
live oak (Quercus minima (Sarg.) Small), had the highest probability of occurrence at mid-
elevations between 2.4 and 2.8 m.  All three of the scrub oaks had low probability of occurrences 
at elevations associated with wetland and flatwoods species, but increased with increasing 
elevation, dominating the ridges (Figure 18).  Based on the distribution results for the three oak 
species, we focused our physiological sampling between 2.6 m and the top of the ridge.  Few 
sand live oaks occurred below 2.8 m, so we included individuals we could locate; four occurred 
at elevations lower than 2.6 m. 
Precipitation and Water Table 
Precipitation was below average during much of this study (Figure 19).  Drought 
conditions began in March 2010 and continued through July 2011, ending with the onset of rains 
in August 2011 (Figure 19).  According to the Titusville Weather Station data, 2010 was the 
second driest year since 1920 (for years without missing data) with annual precipitation totaling 
88.8 cm, only 64% of the long-term mean annual precipitation.  The NEXRAD data showed that 
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precipitation at our site was 97.3 cm, more than recorded at the Titusville Weather Station, but 
still only 70% of the long-term mean. 
There was good agreement among water table calculations from the different wells.  The 
average maximum difference between water table elevation measurements of the three wells at 
the highest elevations was 0.086 m over the course of the study.  The variation in measurements 
among the wells may be due to error in elevation estimates from the 0.5 m resolution LIDAR.   
Depth to water table increased as elevation increased (Figure 20); elevation was a good indicator 
of depth to water table.  Evidence of a perched water table was present in data from the two wells 
at the lowest elevations, indicating a spodic horizon was present. 
Water table elevation decreased from the beginning of the study until August 9, 2011 
(Figure 19).  There were pulses in the water table elevation associated with rainfall events 
(Figure 19), but long-term cumulative precipitation is what determines water elevation. This can 
be seen by considering that the correlations between water table elevation and cumulative 
precipitation (for 550 data points) declined from ρ=0.807 for the 14 week cumulative 
precipitation to ρ=0.538 for the 8 week cumulative record, to only ρ=0.301 for a 4 week 
cumulative precipitation).  The perched water table was more responsive to precipitation and 
correlated more highly with cumulative precipitation at all durations from 1 to 14 weeks than the 
water table (Figure 19). 
Integrated Physiological Measurements 
Among the integrated measurements, only δ13C varied along the elevation gradient and it 
did so only in sand live oak (Table 10; Figure 21).  Sand live oak varied in its elevation response 
between years; δ13C decreased with elevation more rapidly in 2011 than in 2010 (Table 10; 
Figure 21).  Species differed in a number of other ways in these physiological measurements.  
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Myrtle oak leaves had a significantly more negative δ15N than the other two species (Table 10).  
All three species differed significantly from one another within each year, and both leaf %C and 
%N varied significantly between years for each species (Table 10).  Myrtle oak leaves had the 
highest %C and Chapman oak leaves the lowest; however, Chapman oak leaves had the highest 
%N and sand live oak leaves the lowest (Table 10). 
Instantaneous Physiological Measurements 
Again, only sand live oak exhibited consistent differences in its gas exchange 
measurements along the elevation gradient.  Myrtle oak and sand live oak varied substantially in 
gas exchange properties over time, but Chapman oak did not.  Myrtle oak and sand live oak had 
lower Amax and gmax during the spring and early summer, with rates saturating during the summer 
(Figure 22).  Our regression models allow us to address how responses vary over time for each 
species.   Amax in myrtle oak doubled between May and August (8.9 to 18.0 µmols m-2s-1, 
respecitively); gmax more than tripled during that same time (0.08 to 0.25 mols m-2s-1) (Table B2).  
Amax was approximately 50% higher for sand live oak on the ridge than in the flatwoods during 
May; this elevation effect decreased in July and was no longer present by August (Table B2).  In 
sand live oak, gmax doubled between May and July (0.11 to 0.20 mols m-2s-1) with gmax being 
higher (0.06 mols m-2s-1) on the ridge than in the flatwoods throughout sampling (Table B2).  In 
chapman oak, unlike the other species, Amax decreased between May and November (15.0 µmols 
m-2s-1 and 11.7 µmols m-2s-1) (Table B2, Figure 22).  In Chapman oak, gmax rates were higher in 
July through September than during the other sampling periods; there is weak evidence of an 
elevation effect which suggests that conductance may have been greater in individuals growing 
in the flatwoods than on ridge during July and August (Table B2).  For all three species, WUE 
was greatest during the spring and early summer, and decreased as conductance increased 
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(Figure 22).  Sand live oak was the only species to show a difference in WUE between 
elevations; during May individuals on the ridge were had significantly lower WUE than 
individuals in the flatwoods (100.18 and 129.24 µmols CO2/ mols H2O, respectively) (Table B2).  
By the end of our study, these differences in WUE were reduced: WUE was 52.77 and 56.80 
µmols CO2/ mols H2O for sand live oaks on the ridge and in the flatwoods (Table B2).   
There was no evidence of drought damage to Photosystem II.  Pre-dawn Fv/Fm values 
remained at 0.8 or higher for all three species over the course of the study (Table B3).  
Patterns observed in ETR were similar to those in gas exchange, but no elevation trends 
were present for any species.  ETR in myrtle oak and sand live oak increased from May to 
October (Figure 23); ETR increased approximately 32% from May to October for myrtle oak and 
18% from June to September for sand live oak (Table B4).  ETR was highest in May for 
Chapman oak and decreased 15% in October (Table B4).   
All three species exhibited decreased PRI between May and November of 2010 as the 
drought progressed (Figure 24, Table B5).  In 2011, each species experienced a smaller change 
in PRI (Figure 24).  NDVI in Chapman oak decreased both years between the first sampling in 
May and the last sampling (Figure 24, Table B5).  NDVI was relatively constant in sand live oak 
with the exception of May in 2010 when NDVI was lower.  During the early growing season 
(May through July), NDVI was higher in sand live oak individuals in the flatwoods than on the 
ridge (Table B5).  Myrtle oak was the only species in which NDVI differed between the two 
years (Figure 24).  In 2010, NDVI in myrtle oak decreased from May to November as the 
drought progressed but increase from May to December in 2011 (Table B5).  NDVI was higher 
for myrtle oaks on the ridge than in the flatwoods (Figure 24, Table B5). 
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Drought Model Results 
SPI09 was a good predicator for all of the instantaneous physiological measurements 
(Figures 25 and 26, Tables 12 and 13).  Differences between elevation categories were found 
only in the gas exchange measurements.  Amax in myrtle oak and sand live oak increased with 
increasing SPI09 (Table 12).  In sand live oak, Amax increased 11.92 µmols CO2 m-2 s-1 with 
each unit increase in SPI09 on the ridge, but only 7.78 µmols CO2 m-2 s-1 in the flatwoods (Table 
12).  The difference in Amax between the ridge and flatwoods decreased as SPI09 approached 0, 
indicating that no difference in Amax was predicted for sand live oak growing on the two sites 
under normal precipitation conditions.  For myrtle oak, the change in Amax for one SPI09 unit 
was similar between the two elevation categories (14.07 and 10.04 µmols CO2 m-2 s-1, Category 
3 and 5, respectively) (Table 12).  Amax for Chapman oak was not predicted well by changes in 
SPI09 (Table 12).  All three species exhibited increases in gmax with increasing SPI09; gmax in 
sand live oak increased the most (0.307 mols m-2s-1) with each unit change in per unit change in 
SPI09 and gmax in Chapman oak increased the least (0.074 mols m-2s-1)  (Table 12).  In sand live 
oak gmax increased 0.062 mols m-2s-1 more on the ridge than in the flatwoods (Table 12).  There 
was weak evidence that gmax in Chapman oak may have decreased with increasing elevation 
(0.032 mols m-2s-1) (Table 12).  Our data did not support an effect of elevation on gmax in myrtle 
oak (Table 12).  WUE decreased with increasing SPI09 for all three species (Figure 25, Table 
12).  Sand live oak and myrtle oak had similar decreases in WUE per unit change in SPI09 
(68.455 and 67.698 µmols m-2s-1/mols m-2s-1, respectively), but WUE decreased much less in 
Chapman oak (48.900 µmols m-2s-1/mols m-2s-1) (Table 12).  WUE in sand live oak was lower on 
the ridge than in the flatwoods (9.5 µmols m-2s-1/mols m-2s-1) (Table 12). 
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No support for an effect of elevation was found in our models for ETR, PRI, and NDVI, 
instead these three physiological measurements were predicted by the interaction between 
species and SPI09 (Table 13).  ETR in sand live oak and myrtle oak increased with increasing 
SPI09; the effect for sand live oak was predicted to be almost double that for myrtle oak (40.8 
and 22.7, respectively) (Table 13).  SPI09 did not predict ETR in Chapman oak well (Table 13).  
PRI increased in all three species as SPI09 increased (Figure 26, Table 13).  The relationship 
between PRI and SPI09 was similar for myrtle oak and Chapman oak, with PRI increasing 0.045 
with a unit increase in SPI09 (Table 13).  In sand live oak, PRI increased 0.017 with a unit 
increase in SPI09 (Table 13).  SPI09 did not predict NDVI in myrtle oak well (Table 13).  A 
slight decrease in NDVI was predicted for sand live oak as SPI09 increased, but NDVI was 
predicted to increase for Chapman oak with increasing SPI09 (Table 13). 
Discussion 
Species Distribution and Elevation 
We found differences in the distributions of co-occurring species along the gradient of 
depth to water table.  The 1.2 m elevation gradient from the edge of the freshwater swale to the 
scrub ridge served as a proxy for depth to water table, with distance to water table increasing 
with elevation.  Since neither climate nor soils vary along the elevation gradient, this suggests 
that depth to water table is the main factor impacting species distribution.  Soils along the 
gradient are sands with low water holding capacity and rapid permeability, indicating that the 
water table may serve as primary source of water for many of the species located along the 
gradient.  The segregation of the dominant scrub and flatwoods species may be based on the 
trade-off between aeration and drought stress, leading to marked differences in species 
composition over a small change in distance to water table.  The trade-off between aeration and 
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drought stress is  important for segregating co-occurring plant species into hydrological niches 
along fine-scale changes in hydrology across many systems (Araya et al. 2011; Silvertown et al. 
1999).   
These results are consistent with other studies in Florida scrub.  Schmalzer and Hinkle 
(1992) found that at KSC scrub oak cover increased with increasing water table depth.  At Gulf 
Islands National Seashore, elevation was an important environmental factor for the segregation 
of both herbaceous and woody species between flatwoods and scrub (Ruth et al. 2007).  Species 
segregated similarly with elevation at both KSC and Gulf Islands National Seashore; Curtiss’ 
sandgrass and threeawn grasses (Aristida L. spp.) were most closely associated with sites at 
lower elevations, while Chapman oak, sand live oak, and myrtle oak were most closely 
associated with higher elevations (Ruth et al. 2007).  On the Lake Wales Ridge, relative 
elevation, which served as an indicator of water table depth, was the primary environmental 
factor segregating scrub plant assemblages (Boughton et al. 2006).  Our data agree with the niche 
segregation identified by  Cavender-Bares et al. (2004) for these oaks based on soil moisture; 
Chapman and myrtle oak were found to have complete overlap in niches based on soil properties.   
Drought Response in the Co-occurring Oaks 
The three co-occurring scrub oaks differed in their physiological responses to drought.  
Variation in leaf phenology may explain some of these differences; Chapman oak is deciduous or 
brevideciduous, while sand live oak and myrtle oak are evergreen (Cavender-Bares et al. 2004).  
None of the oaks suffered permanent damage to photosystem II (PSII) during the drought in the 
spring and early summer of 2011 (Lambers et al. 1998).  All three oak species exhibited stomatal 
regulation of water lose during the drought, resulting in increased intrinsic WUE.  Stomatal 
regulation is one of the primary responses to drought in several oak species (Damesin et al. 1998; 
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Saha et al. 2009; Vaz et al. 2010).  Stomatal conductance decreased during drought in all three 
species, but to a much smaller degree in Chapman oak.  In deciduous oaks stomatal conductance 
has been found to be less sensitive to drought compared to evergreen oaks (Mediavilla and 
Escudero 2003). 
Stomatal regulation in sand live oak and myrtle oak not only decreased water loss, but 
also internal carbon concentrations, resulting in lower Amax and ETR.  Although internal carbon 
concentrations also decreased with stomatal conductance in Chapman oak, these were not 
accompanied by decreases in Amax or ETR.  This suggests that Chapman oak did not experience a 
decrease in photosynthesis during the drought, because it remained carbon-saturated even under 
the lower gmax.  A deciduous Mediterranean oak reached levels of carbon saturation at a lower 
internal carbon concentration than an evergreen oak (Juarez-Lopez et al. 2008); the internal 
carbon concentrations were similar to that of Chapman oak. 
Both leaf phenology and drought response may contribute to the within-season variation 
in photosynthetic performance.  These vary between species and also between years.  NDVI in 
Chapman oak decreased as the 2011 growing season progressed even after the onset of rainfall, 
indicating a decrease in chlorophyll content not seen in either sand live oak or myrtle oak (Sims 
and Gamon 2002).  This decreased chlorophyll content in Chapman oak explains the decreased 
Amax and ETR in the late fall and early winter.  A similar pattern has been found in deciduous 
Mediterranean oaks, but not in evergreen oaks (Holland et al. 2013).  In 2010, after a prolonged 
drought, both Chapman oak and myrtle oak showed a decrease in NDVI; early leaf drop was 
observed for both of these species.  On the other hand, NDVI in sand live oak remained high 
throughout 2010.  This suggests that the two evergreen species may have different strategies for 
enduring prolonged drought; varied protective mechanisms have been documented for evergreen 
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Mediterranean oaks (Peguero-Pina et al. 2009).  There is evidence for drought induced damage 
to the photosynthetic apparatus during 2010 in Chapman oak and myrtle oak.  All three scrub 
oaks showed a decrease in PRI with drought in 2010, indicating the de-epoxidation of the 
xanthophyll cycle (Peguero-Pina et al. 2008).  Taken together, the decreases in NDVI and PRI 
for myrtle oak and Chapman oak in 2010 point to irreversible photo-oxidation of chlorophyll.   
The variation in physiological response was best predicted for all species by SPI09, a 
cumulative drought index for the preceding 9 months.  SPI calculated on short time scales 
indicates soil moisture, but on long time scales indicates water table elevation (McKee et al. 
1993).  Since all three of these species are deep rooted and obtain the majority of their water 
from the water table, it is not surprising that they respond more to changes in the water table than 
to the presence of soil moisture, particularly during dry periods.   
Physiological Functioning Along the Depth to Water Table Gradient 
We had expected to find differences in the physiological functioning of oaks growing 
along the depth to water table gradient.  Under normal climatic conditions we did not find such 
differences.  Such variation in physiological functioning could be caused by: 1) changes in 
stomatal conductance due to variations in plant-water relations along the gradient, and 2) 
variation in photosynthetic capacity along the elevation gradient (Sparks and Ehleringer 1997).  
For example, if water availability increased along the gradient, plants with more access to water 
would be expected to have higher gmax, resulting in less conservative use of water (Letts et al. 
2010).  If nitrogen availability varied along the elevation gradient, plants with higher leaf 
nitrogen would exhibit a higher photosynthetic capacity (Bai et al. 2008; Sparks and Ehleringer 
1997).  However, all three of these oak species have deep tap roots and get the majority of their 
water from the water table (Hungate et al. 2002; Saha et al. 2009); sand live oak obtains 95% of 
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its water from the water compared with 79% for myrtle oak (Hungate et al. 2002).  There is no 
similar estimate for Chapman oak but it is known to get some water from deep soil layers (Saha 
et al. 2009).  Our data suggest that, under normal precipitation, these scrub oaks have sufficient 
access to water; our estimates of gmax, Amax, and ETR are similar to published values under non-
drought conditions (Ainsworth et al. 2002; Foster and Brooks 2005).   
During drought, however, physiological functioning in sand live oak does vary depending 
on depth to water table.  Sand live oaks growing in the flatwoods exhibited greater water stress 
during drought than those on the ridge, as seen in their decreased Amax, decreased gmax, and 
increased WUE (both intrinsic and leaf δ13C).  In oaks leaf δ13C depends mainly on the 
environmental conditions of the early growing season during leaf development (Cavender-Bares 
and Bazzaz 2000; Damesin et al. 1997).  In sand live oak, we found significant variation in δ13C 
with elevation. This reflects differences in stomatal conductance during the drought.  This may 
also explain the greater decrease in δ13C with elevation in 2011 compared with 2010; the spring 
of 2011 was drier than the spring of 2010.  We suggest that sand live oaks  growing in the 
flatwoods may experience greater drought stress than those growing on the ridge because the 
spodic horizon prevents those in the flatwoods from obtaining deeper soil water.  During dry 
periods, evaporation and evapotranspiration may dry out the soil above the spodic horizon, 
leaving plants without access to deeper soil water (Abrahamson and Hartnett 1990).   
Out of the suite of instantaneous physiological parameters we measured, only the gas 
exchange measurements consistently varied with elevation in sand live oak.  We did not observe 
consistent differences in ETR, PRI or NDVI along the water table gradient.  Gas exchange 
responds to drought earlier and under milder stress than ETR (Medrano et al. 2002) or 
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reflectance (Letts et al. 2010; Poulos et al. 2007).  This may explain why we found no elevation-
related variation in fluorescence and reflectance measurements in sand live oak. 
On the other hand, we observed no elevational pattern in Chapman oak or myrtle oak in 
physiological function.  We suggested above that sand live oak was more drought-stressed in the 
flatwoods due to the presence of the spodic horizon.  We speculate that during the drought the 
moisture gradient largely disappears for Chapman oak and myrtle oak because their roots may 
not be as deep as sand live oak; all individuals are similarly drought-stressed.  To our knowledge 
only three studies look at rooting depth and water source of scrub oak species (Ellsworth 2012; 
Hungate et al. 2002; Saha et al. 2009), but none examine the difference in water source along an 
elevation gradient or during drought conditions. 
Conclusion 
In this study, we focused on a small elevational gradient where climate did not vary and 
soil differences were minimal.  Our results show that plant species segregated spatially along a 
1.2 m gradient in elevation, and change in depth to water table was the main causal factor.  The 
three co-occurring scrub oak species exhibited different physiological responses to drought, 
largely because of differences in leaf phenology.  Under normal climatic conditions, 
physiological function did not differ along the elevation gradient for any oak species.  However, 
during drought, sand live oaks exhibited more water stress in lower elevations.  We suggest that 
differences in the way species respond to the elevational gradient may be caused by differences 
in rooting depth and water source.  Spatial separation of belowground growth may play a large 
role in explaining differences in co-occurring species’ physiological responses to depth to water 
table.  Further research needs to be conducted on identifying where each species obtains its water 
along the elevation gradient, and how this varies under extreme climatic conditions. 
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Table 10:  Mean values (Standard Error) of the integrated measurements for each species for both 2010 and 2011. 
 Quercus chapmanii  Quercus geminata  Quercus myrtifolia 
 2010 2011  2010 2011  2010 2011 
δ
13C* -28.5 (0.1) -28.3 (0.1)  -29.5 (0.1) -29.3 (0.2)  -29.0 (0.1) -28.9 (0.1) 
δ
15N -3.5 (0.2)a -3.4 (0.2) a  -3.6 (0.3) a -3.6 (0.3) a  -4.3 (0.2) b -4.4 (0.2) b 
%C 47.8 (0.1) a 48.0 (0.1)b  48.3 (0.2) c 48.8 (0.1)d  49.7 (0.1) e 49.9 (0.1) f 
%N 1.10 (0.02) a 1.04 (0.02) b  1.00 (0.02) c 1.02 (0.01) d  1.02 (0.02) e 1.06 (0.02)f 
Note:  Lowercase letters indicate significant differences between values. 
*δ
13C – there is a significant elevation response for this variable so no comparison between mean was made. 
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Table 11:  Estimates and standard errors for the linear mixed effects models that show the response of the stable carbon isotope (δ13C) 
for species, year, and elevation.  QG – sand live oak  QM – myrtle oak. 
δ
13C=species*elevation*year+(1|individual) 
Fixed effects Estimate Standard Error t value 
 Intercept -27.00 1.61 <0.001 
 Species – QG 1.581 2.125 0.458 
 Species – QM 4.728 2.365 0.842 
 Elevation -0.519 0.550 0.347 
 Year 2011 -0.000041 1.614 1.0 
 Species – QG:elevation  -0.9243 0.732 0.209 
 Species – QM:elevation -0.329 0.809 0.685 
 Year 2011:QG 7.312 2.120 <0.001 
 Year 2011:QM -0.0359 2.356 0.988 
 Elevation:Year2011 0.0742 0.5523 0.893 
 Elevation:Year2011:QG -2.543 0.731 <0.001 
 Elevation:Year2011:QM -0.031 0.807 0.969 
Random effects Variance Standard Deviation  
 Individual 0.173 0.415  
 Residual 0..167 0.408  
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Table 12:  Estimates and standard errors for the linear mixed effects models that shows the response of the instantaneous gas exchange 
measurements to changes in the 9-month standardized precipitation index (SPI09).   
 Amax gmax WUE 
Fixed factors Estimate Standard 
Error 
Estimate Standard 
Error 
Estimate Standard 
Error 
Intercept 14.535 1.112 0.243 0.025 46.601 5.230 
Elev Cat 5 -4.087 1.324 -0.032 0.025 2.967 3.952 
SPI(09) 0.3176 1.298 0.074 0.029 -48.900 6.968 
Species – QG 13.102 1.455 0.250 0.035 -12.920 7.316 
Species - QM 10.016 1.444 0.136 0.035 -2.364 7.234 
Elev Cat 5:SPI(09) -4.037 1.256     
Elev Cat. 5:Species –QG 3.929 1.520 0.094 0.035 -12.495 5.801 
Elev Cat. 5:Species – QM 1.396 1.495 0.032 0.035 -5.312 5.550 
SPI(09):Species-QG 11.620 1.586 0.233 0.040 -19.555 9.764 
SPI(09):Species - QM 13.757 1.527 0.196 0.039 -18.798 9.421 
Random factors Variance Standard 
Deviation 
Variance Standard 
Deviation 
Variance Standard 
Deviation 
Sample time:Individual 2.412  1.553 0.0020 0.044 116.54 10.795 
Individual 1.586 1.259 0.0008 0.028 5.97 2.443 
Residual 4.275 2.068 0.0014 0.0381 90.22 9.498 
R2m 0.682  0.681  0.614  
R2C 0.836  0.890  0.836  
 94 
 
 
Table 13:  Estimates and standard errors for the linear mixed effects models that show the response of electron transport (ETR), 
photochemical reflectance index (PRI) and the normalized difference vegetation index (NDVI) to changes in the 9 month standardized 
precipitation index (SPI09).   
 ETR PRI NDVI 
Fixed factors Estimate Standard 
Error 
Estimate Standard 
Error 
Estimate Standard 
Error 
Intercept 121.728 4.736 -0.076 0.003 0.409 0.006 
Species – QG 78.416 6.880 0.020 0.004 0.091 0.009 
Species – QM 12.228 6.727 -0.001 0.004 0.005 0.009 
SPI(09) -4.598 5.620 0.045 0.002 0.042 0.003 
SPI(09):Species – QG 45.362 8.412 -0.028 0.003 -0.068 0.005 
SPI(09):Species – QM 27.316 8.096 -0.004 0.003 -0.037 0.005 
Random factors Variance Standard 
Deviation 
Variance Standard 
Deviation 
Variance Standard 
Deviation 
Sample time:Individual 242.11 15.560 0.0005 0.024 0.001 0.033 
Individual 71.58 8.461 0.0002 0.014 0.001 0.031 
Residual 896.24 29.937 0.001 0.031 0.002 0.045 
R2m 0.338  0.275  0.360  
R2C 0.509  0.559  0.690  
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Figure 17:  Species percent cover in each of the five elevation categories for eleven species and 
bare ground with percent cover greater than 3%. 
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Figure 18:  Modeled relationship between elevation and percent probability of occurrence for the 
six species with a significant relationship.  The logistic models are as follows:  Quercus 
myrtifolia (Y= -13.94+4.44(elevation), Quercus chapmanii (Y= -14.29 + 4.24(elevation), 
Quercus geminata (Y= -15.861 + 4.387(elevation), Quercus minima (Y= -305.51 + 
229.07(elevation) -43.21(elevation2), Aristida stricta (Y= -108.71 + 84.07(elevation) - 
16.4(elevation2), and Calamovilfa curtissi (Y=37.11 – 16.37(elevation) 
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Figure 19:  Precipitation and water table dynamics over the two year period of this study.  (Top) 
Water table and perched water table elevation overlaying daily precipitation events.  (Middle) 
Monthly total precipitation from the NEXRAD data (bars) compared to the long-term mean 
(1920-2011) precipitation from the Titusville Weather Station (NCDC).  (Bottom) Monthly 
percent deviation from the long-term mean precipitation showing the duration of the drought. 
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Figure 20:  Diagram depicting the elevation range of the monitoring wells and the distance in 
meters along the easting axis of the ridge.  The lines represent the maximum and minimum 
locations of the ground water table along the elevation gradient.  The perched water table is 
depicted under the two water monitoring wells at the lowest elevation.  
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Figure 21:  Measured stable carbon isotope values (δ13C) collected for individuals of each 
species along the elevation gradient in 2010 and 2011. 
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Figure 22:  Measured mean photosynthesis (Amax), conductance (gmax), and water-use efficiency (WUE) for each species for the two 
elevation categories.  Symbols are the means of individuals and whiskers are the 95% confidence intervals.  Ridge (elevation category 
5) consists of individuals sampled at the highest elevation. Flatwoods (elevation category 3) consists of individuals sampled between 
2.6 and 2.8 m NVD88.  June sampling for sand live oak was removed from analysis because of unexplained anomalies in the 
conductance measurements. 
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Figure 23:  Measured mean electron transport (ETR) for each species for two elevation 
categories.  Symbols are the means of individuals and whiskers are the 95% confidence intervals.  
Ridge (elevation category 5) consists of individuals sampled above 3.0 m NVD88. Flatwoods 
(elevation category 3) consists of individuals sampled between 2.6 and 2.8 m NVD88.   
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Figure 24:  Measured mean photochemical reflectance index (PRI) and normalized difference 
vegetation index (NDVI) for each species for two elevation categories.  Symbols are the means 
of individuals and whiskers are the 95% confidence intervals.  Ridge (elevation category 5) 
consisted of individuals sampled above 3.0 m NVD88. Flatwoods (elevation category 3) 
consisted of individuals sampled between 2.6 and 2.8 m NVD88.
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Figure 25:  The observed and predicted response of the gas exchange measurements to the 9-
month standardized precipitation index (SPI09) 
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Figure 26:  The observed and predicted responses of electron transport (ETR), photochemical 
reflectance index (PRI) and normalized difference vegetation index (NDVI) to the 9 month 
standardized precipitation index (SPI09).  
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CHAPTER FIVE:  CONCLUSIONS 
 
General Research Implications 
Timing is Important 
Climate change is not expected to be uniform throughout the year (Meehl et al. 2007).  
Although mean annual precipitation may change, the increase in the variability of precipitation 
may be more important than the mean annual change for determining plant responses; more 
variable precipitation means an increase in frequency of droughts and extreme precipitation 
events (Anderegg et al. 2013a).  In Chapters 2 and Chapters 3 of this dissertation, I address how 
seasonal climate, temperature, precipitation, drought, and extreme precipitation events, impact 
the growth of species in Florida scrub.  My results showed that the seasonal timing of climatic 
events was important for impacting growth.  Spring droughts decreased growth in all three 
species.  Droughts during other seasons did not decrease growth.  For both Chapman oak and 
myrtle oak, defining drought on a seasonal basis explained more of the variance in growth than 
defining drought based on annual precipitation.  Extreme precipitation events increased growth 
only during specific seasons when active growth was occurring.  Seasonality of precipitation and 
climatic extremes (drought and extreme precipitation) may have greater impact on plant 
responses than changes in mean annual precipitation (Anderegg et al. 2013a; Hanson and 
Weltzin 2000). 
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Co-existing Species Differ in Response to Climate  
Phenological differences in the timing of growth of co-occurring species will play a role 
in species responses to climate (Hanson and Weltzin 2000).  In Chapter 2 of this dissertation, I 
found that differences in the timing of active radial growth and bud formation of co-occurring 
oaks and pines may explain species responses to climate.  The majority of radial growth of 
Chapman oak and myrtle oak is likely to occur during the spring; March to early July (Hymus et 
al. 2001; Powell et al. 2006).  Growth of both oaks was decreased during spring droughts; 
droughts during other seasons did not result in decreased oak growth.  Extreme precipitation 
events increased oak growth only during the spring.  This is in agreement with data that show 
that droughts have little impact on radial growth in hardwoods when they occur during seasons 
when active growth is not taking place (Hanson and Weltzin 2000).  Unlike the oaks, slash pine 
radial growth occurs throughout much of the year (February to December) (Harley et al. 2012; 
Langdon 1963) and growth was impacted by climatic events occurring through much of the year.  
Earlywood growth increased with increasing winter precipitation during spring bud formation.  
Spring droughts occurred during summer bud formation and resulted in decreased total and 
latewood growth.  Increased summer precipitation resulted in increased total and latewood 
growth when leaf area index was maximized.  The longer period of active growth in conifers 
make them more susceptible to variations in late season precipitation (Hanson and Weltzin 
2000).  In general, co-occurring species respond differentially to climate (Abrams and Black 
2000; Granda et al. 2013; Hanson and Weltzin 2000); climate change during the Quaternary 
resulted in species specific migration patterns (Davis and Shaw 2001). 
Leaf phenology may also play an important role in how co-occurring species differ in 
their response to climate (Holland et al. 2013; Juarez-Lopez et al. 2008; Mediavilla and Escudero 
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2003).  Even though both Chapman and myrtle oak exhibited similar decreases in radial growth 
with spring droughts, in Chapter 4 I found differences in the physiological functioning of three 
scrub oaks to drought.  All three scrub oaks regulated water loss through a decrease in stomatal 
conductance during drought.  However, the brevideciduous Chapman oak did not exhibit 
decreased photosynthetic functioning during drought.  Instead photosynthetic function decreased 
as the growing season progressed, likely due to decreased chlorophyll concentration with leaf 
age.  I suggest that some of the differences in physiological functioning during drought may be 
attributed to leaf phenology. 
Climate Response is Not Independent of Site Conditions 
The response of a species to climate may vary depending on site conditions.  Plants 
growing on xeric sites should be more sensitive to climate in general and drought than trees 
growing in wetter sites because water availability is more limiting in xeric locations (Abrams et 
al. 1998; Foster and Brooks 2001; Fritts 1976; Orwig and Abrams 1997; Scharnweber et al. 
2011).  In Chapter 3, I found that myrtle oaks growing at a poorly-drained site, Malabar West, 
were less sensitive to monthly climate and spring drought than myrtle oaks growing on more 
xeric conditions.  I suggest this is because myrtle oaks growing at the more mesic Malabar West 
had more access to water during spring droughts. 
Not only did we find differences in the climate-growth response between xeric and mesic 
growing myrtle oaks, but we also found differences in physiological functioning of sand live oak 
along a depth to water table gradient.  During drought conditions, sand live oak individuals 
growing at lower elevations had lower stomatal conductance, lower photosynthesis, increased 
intrinsic water use efficiency, and increased stable carbon isotope ratio than individuals growing 
on the scrub ridge.  I suggest that differences in available water between the flatwoods and the 
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ridge in the rooting zone of sand live oak may explain these differences.  The flatwoods have a 
spodic horizon which limit rooting depth; during drought conditions soils above the spodic 
horizon may dry out increase drought stress (Abrahamson and Hartnett 1990).  There is 
mounting evidence that physiological function varies between sites with differing water 
availabilities (Damesin et al. 1997; Turnbull et al. 2002) particularly during drought conditions 
(Poulos et al. 2007; Sala and Tenhunen 1994). 
Research Implications for Scrub Habitat 
Florida scrub is a xeromorphic shrub community dominated by evergreen oaks occurring 
on infertile, well-drained, sandy soils (Myers 1990).  Ericads and Serenoa repens also are 
prevalent species.  This system is pyrogenic, experiencing high intensity, stand-replacing fires.  
Most scrub occurs on entisol soils derived from quartz sand that have little development of soil 
horizons (Myers 1990) or spodosols for scrubby flatwoods (Schmalzer et al. 1999).  Scrub is an 
important habitat in Florida because it is home to large numbers of rare species.  Throughout 
Florida, scrub harbors 48 vascular plant species that are considered rare with 40 of these species 
identified as endemic (Stout 2001).  Florida scrub was identified by Noss and Peters (1995) as 
one of the 21 most endangered ecosystems in the United States.  Scrub habitat has decreased by 
at least two thirds of its original extent due to urbanization and agriculture  (Bergen 1994; 
Christman 1988; Duncan et al. 2004; Kautz et al. 2007; Peroni and Abrahamson 1985). 
The focus of active management at Kennedy Space Center (KSC) is on maintaining 
optimal Florida scrub-jay (Aphelocoma coerulescens) habitat (Breininger et al. 2010).  Scrub at 
KSC supports one of the largest remaining populations of federally threatened Florida scrub-jay 
(Stith et al. 1996), an indicator species for scrub (Noss et al. 1997). Optimal scrub-jay habitat 
consists of scrub oaks between 1.2 and 1.7 m tall surrounded by lower and more open scrub 
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(Breininger et al. 2006).  Currently, multistate habitat models are being used to identify transition 
probabilities between optimal scrub-jay habitat and three other states: short, tall mix, and tall; 
these models are then used to make informed management decisions (Breininger et al. 2010; 
Johnson et al. 2011).  Since habitat classifications are based on the height of scrub oaks, 
additional information on the variables that may impact oak growth would improve these 
models.  The models of oak growth developed in this dissertation will be beneficial in adding 
information on how quickly oaks in scrub and flatwoods may transition from one height category 
to another.  These multistate models do not currently incorporate explicit information on the 
variability of oak growth or the relationship between oak growth and climate, particularly 
precipitation.   
The results from Chapters 2 and 3 of this dissertation show that oak growth is highly 
variable between years, and on xeric sites spring droughts substantially decrease radial growth.  
Previous work found a strong relationship between basal growth and biomass in the scrub oaks 
(Dijkstra et al. 2002), suggesting that decreased radial growth would also result in decreased 
height growth.  Adding information into multistate models that incorporate the relationship 
between oak growth and spring precipitation may provide better transition probabilities for state 
changes.  In addition, I found that myrtle oaks growing in a mesic site did not respond in the 
same manner to spring drought as myrtle oaks growing on xeric sites; growth was less sensitive 
to spring drought in the mesic site.  The model of myrtle oak growth on the mesic site may also 
add some useful information into the multistate models for the transition probabilities of 
flatwoods habitats. 
The focus of management at KSC on maintaining scrub vegetation within an optimal 
height range means that being able to quantify variability in oak growth will be important not 
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only for current management but also for future management decisions as the climate changes.  
The climate analysis I conducted in Chapter 2 found that April, May, and July are drier now than 
in 1920.  This corresponds to climate predictions for this area that although mean annual 
precipitation will remain fairly constant, springs will be drier (Karl et al. 2009).  Based on results 
from Chapter 2, more droughts currently occur during the spring than any other season.  Growth 
of both Chapman oak and myrtle oak was highly dependent on spring precipitation; growth 
decreased substantially during spring droughts.  This suggests that as springs become drier and 
spring droughts more frequent, we would expect a decrease in the growth of both of these oaks.  
Since scrub at KSC is managed by prescribed fire and the return interval is largely determined 
based on maintaining scrub oaks within the optimal height range, decreased oak growth with 
increasing drought frequency will require adjusting fire return intervals to longer durations.   
The climate-growth models for myrtle oak that I present in this dissertation may be of use 
for decision making purposes to land managers across central Florida, not just at KSC or the 
other sampling sites.  The robustness of the climate-growth response to spring drought across 
xeric sites suggests that these models are representative of myrtle oak responses on xeric sites 
across the multiple ridge systems in central Florida.  However, since differences were found 
between climate-growth responses of myrtle oak on xeric sites and on a mesic site, this 
highlights the importance of taking site conditions into consideration when creating management 
plans.  Oaks on wetter sites may not show the same declines in growth associated with spring 
droughts.  I would caution against using these models for systems near the northern and southern 
range limits of myrtle oak because at the edge of the range the climate signal may differ due to 
more stressful climatic conditions, particularly the response to temperature at the northern edge 
(Speer 2010). 
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Increased droughts are not the only concern for Florida scrub as the climate changes; sea 
level rise is another, and possibly the most severe, threat to coastal communities in Florida (Noss 
2011).  Scrub on KSC is especially vulnerable to the impacts of sea level rise because KSC is 
located on a barrier island complex with a mean elevation of 0.7 m (Hall et al. 2014).  Currently 
at KSC, much focus is on how sea level rise will affect infrastructure and natural resources and 
incorporating projections of sea level rise into a resource management plan at KSC.  The high 
priority of protecting the natural resources at KSC is because KSC has more federally protected 
species than any other federal property in the contiguous U.S. (Breininger et al. 1994).  Moderate 
estimates of sea level rise are 0.2 m in the next 20 to 30 years and 0.4 m within 45 years (Meehl 
et al. 2007).  With an increase of 0.2 m approximately 18% of land at KSC will be inundated; a 
0.4 m increase will result in approximately 30% inundation at KSC.  Although, the projections 
do not show scrub ridges becoming inundated, increases in sea levels will result in a 
corresponding rise in groundwater (FOCC 2010).   
The data from Chapter 4 show that species segregate along the small elevation gradient of 
the ridge-swales at KSC based on variation in depth to water table.  I suggest that this 
segregation may be due to the trade-off between aeration and drought stress for each species 
(Araya et al. 2011; Silvertown et al. 1999).  This provides baseline data identifying how species 
are distributed based on elevation.  These baseline data will provide a starting point for 
investigation of how these species may respond to a rise in ground water.  As the ground water 
rises, I would expect to see a general shift in distribution up the elevation gradient.  However, we 
need more information on these species before we can make predictions on each species 
responses.  Due to the low elevation of these ridges (3.0-3.7 m) (Schmalzer et al. 1999) and the 
fact that currently only a little over a meter elevation gradient exists between the edge of the 
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wetlands and the scrub ridge, there is limited room to allow for the upslope migration of these 
species.  Some species distributions may become narrower along the elevation gradient, some 
may move upslope, and some may not persist.   
Sea level rise will not only impact scrub on KSC, it is a threat to coastal communities 
throughout Florida.  Impacts of sea level rise have already been documented on coastal forests in 
Florida (Castaneda and Putz 2007; Desantis et al. 2007).  Although the majority of scrub occurs 
inland, scrub does occur in areas along the coast in both the peninsula and panhandle (Myers 
1990).  Scrub along the coast will also be susceptible to rises in ground water; the rise in the 
mainland water table may lag sea level rise unlike the water table on barrier islands (Schmalzer 
et al. 1999).  The data on the distribution of scrub and flatwoods species with elevation at KSC is 
in agreement with data from other scrub locations (Boughton et al. 2006; Mulvania 1931) which 
show that species distribution in scrub and surrounding flatwoods is closely tied to depth to 
water table.  These data may provide important baseline information for managers tasked with 
maintaining habitat for species of special concern as similar trends in species distributions would 
be expected across oak scrub locations. 
Increased flooding can be expected not only in coastal areas as a result of sea level rise, 
but also throughout Florida with the prediction of increased precipitation intensity (Meehl et al. 
2007).  There were no high water events in the flatwoods that would lead to flooding stress of the 
scrub oaks during the course of my research.  However, since the lower elevation distributions 
are likely to be limited by aeration stress, I suggest that increased flooding would result in an 
upslope shift of all three oak species.  It might be possible that increased flooding would also 
result in some flatwoods species expanding their distributional range along the gradient.  To my 
knowledge only one other study has examined physiological functioning of scrub oaks in areas 
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adjacent to wetlands and on ridges.  Bostater et al. (1994) found that scrub oaks growing adjacent 
to a wetland, exhibited increased stress compared to those growing on a ridge during flooding; 
aboveground mortality of some oaks occurred during the flood event. 
With changing climate, we do not expect to see uniform change among species.  The 
ranges of some species may narrow, while others expand; some may become locally or globally 
extinct.  My data show that although spring precipitation decreased growth in both Chapman and 
myrtle oak, there were differences in how the three oak species responded physiologically to 
drought and depth to water table.  These oak species exhibited differences in their response to 
water availability which suggests that each species would respond differently under a drier and 
warmer climate.  My data support findings that suggests that sand live oak might increase in 
composition relative to myrtle oak in a drier warmer climate under ambient levels of carbon 
dioxide (CO2) (Seiler et al. 2009).  During drought conditions, sand live oak maintained higher 
rates of photosynthesis than either Chapman oak or myrtle oak; rates were higher on the ridge 
than the flatwoods.  The distribution of sand live oak was also shifted upslope compared to the 
other two oaks; Cavender-Bares et al.(2004) also found that sand live oak had higher occurrence 
on drier sites.  
Previous research in scrub at KSC has shown that the scrub oaks respond differently to 
elevated CO2 (Ainsworth et al. 2002; Dijkstra et al. 2002; Hymus et al. 2002; Li et al. 1999; Li et 
al. 2007a; Li et al. 2007b; Seiler et al. 2009); sand live oak acclimated to elevated CO2 while 
myrtle oak was stimulated by elevated CO2.  Myrtle oak biomass increased during drought 
conditions, suggesting that elevated CO2 offset the growth declines normally exhibited during 
drought stress (Seiler et al. 2009).  Interestingly; the relative stimulation of CO2 on myrtle oak 
biomass decreased as precipitation increased (Seiler et al. 2009).  Since myrtle oaks growing in 
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mesic locations may be less sensitive to drought stress, it would be interesting to see if 
differences in biomass stimulation with elevated CO2 would be present in myrtle oaks growing 
under different site conditions.  The data from the elevated CO2 site not only show that the oaks 
do in fact respond differently to climate change, but they also provide an important caveat to our 
growth models.  If elevated CO2 mitigates drought stress, then in a CO2 enriched world more 
frequent spring droughts may not result in decreased myrtle oak growth.  It is important to note 
that the CO2 concentration at which myrtle oak growth was stimulated was almost double the 
current ambient level. 
This research adds to the knowledge of how scrub oaks respond to drought and water 
availability.  It also provides valuable insight on how flatwoods and scrub species segregate over 
a depth to water table gradient.  However, there is much more we need to learn before we can 
make accurate predictions about how these species will respond under a changing climate.  I 
suggest that much of the difference between species responses to water available is determined 
by rooting depth and water source.  It would be useful to determine how water source varied both 
temporally and spatially for each species; specifically trying to get a look at water source during 
drought conditions.  In order for the models relating species cover to elevation to be extrapolated 
across KSC, a better understanding is need of where the spodic horizon occurs.  This is because 
presence of the spodic horizon alters the relationship between elevation and water table depth. 
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APPENDIX A:  SUPPLEMENTAL MATERIAL FOR CHAPTER 2
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Figure A1:  The response of each chronology to the ENSO index from the previous year’s 
summer to the end of the current year.  Black bars indicate significant correlation coefficients at 
the 0.05 level.  The previous year’s value is preceded by p (i.e., pervious year July (pJ)) 
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APPENDIX B:  SUPPLEMENTAL MATERIAL FOR CHAPTER 4 
Table B1:  Species presence and composition for the five elevation categories. 
Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 
Andropogon spp. 3 2 1 0 0 
Aristida stricta 11 22 27 5 0 
Bare ground 7 12 13 16 5 
Bejaria racemosa 0 6 2 1 0 
Bulbostylis ciliatifolia 0 0 1 0 0 
Calamovilfa curtissii 41 0 0 0 0 
Carphephorus spp 6 0 0 0 0 
Dichanthelium spp. 5 1 0 0 0 
Gaylussacia dumosa 2 5 6 0 0 
Hypericum reductum 5 3 1 0 0 
Ilex glabra 4 0 0 0 0 
Lechea spp. 0 0 1 0 0 
Lyonia ferruginea 0 1 0 0 0 
Lyonia fruticosa 2 3 4 4 7 
Lyonia lucida 20 33 34 30 13 
Myrica cerifera 2 10 6 6 8 
Pinus elliotti 0 1 0 0 0 
Quercus chapmanii 0 3 5 14 28 
Quercus geminata 0 1 0 6 12 
Quercus minima 1 3 14 0 0 
Quercus myrtifolia 0 4 10 43 40 
Serenoa repens 26 41 34 23 38 
Smilax auriculata 1 2 0 1 1 
Vaccinium myrsinites 19 14 7 11 4 
Ximenia americana 0 0 0 0 1 
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Table B2:  Estimates and standard errors for the linear mixed effects models that show the 
response of photosynthesis at light saturation (Amax), conductance at light saturation (gmax), and 
water use efficiency (WUE) to time of sampling (Time) and elevation category (Elev Cat).  Elev 
Cat 5 is for the ridge.  
 Quercus chapmanii Quercus geminata Quercus myrtifolia 
 Amax 
Fixed Factors Estimate SE Estimate SE Estimate SE 
Intercept 15.023 0.869 12.254 1.282 8.909 0.781 
Time 2 -2.043 0.882   3.863 0.855 
Time 3 -0.392 0.888 7.463 1.632 7.120 0.863 
Time 4 -0.818 0.886 11.554 1.632 9.125 0.855 
Time 5 -1.778 0.888 10.304 1.632 8.853 0.855 
Time 6 -3.276 0.890 9.538 1.632 9.208 0.858 
Elev Cat 5   6.096 1.714   
Time 2:Elev Cat 5       
Time 3:Elev Cat 5   -1.104 2.231   
Time 4:Elev Cat 5   -6.088 2.231   
Time 5:Elev Cat 5   -5.038 2.231   
Time 6:Elev Cat 5 
  
-5.921 2.222 
 
 
Random Factors Variance  Variance  Variance  
Time:Ind 1.825  2.367  1.618  
Ind 2.380  0.550  1.934  
Residual 2.59  6.782  3.986  
Fixed Factors gmax 
Intercept 0.1388 0.022 0.1146 0.0234 0.0763 0.0204 
Time 2 0.008 0.023   0.0448 0.0232 
Time 3 0.120 0.023 0.2027 0.0257 0.1140 0.0233 
Time 4 0.096 0.023 0.2307 0.0257 0.1710 0.0232 
Time 5 0.062 0.023 0.2288 0.0257 0.2168 0.0232 
Time 6 0.044 0.023 0.2576 0.0257 0.2032 0.0232 
Elev Cat 5 0.010 0.032 0.0622 0.0218   
Time 2:Elev Cat 5 -0.017 0.032     
Time 3:Elev Cat 5 -0.074 0.033     
Time 4:Elev Cat 5 -0.082 0.033     
Time 5:Elev Cat 5 -0.041 0.033     
Time 6:Elev Cat 5 -0.031 0.033     
Random Factors Variance  Variance  Variance  
Time:Ind 0.0006  0.0017  0.0017  
Ind 0.0008  0.0004  0.0012  
Residual 0.0008  0.0022  0.0015  
Fixed Factors WUE 
Intercept 105.884 3.353 129.543 4.769 118.398 4.652 
Time 2 -12.653 4.171   -10.485 6.212 
Time 3 -37.219 4.205 -61.847 5.946 -25.496 6.254 
Time 4 -33.028 4.195 -60.550 5.946 -42.110 6.212 
Time 5 -33.522 4.205 -64.728 5.946 -55.021 6.212 
Time 6 -37.678 4.217 -72.741 5.946 -51.496 6.228 
Elev Cat 5   -29.346 6.359   
Time 2:Elev Cat 5       
Time 3:Elev Cat 5   24.090 8.104   
Time 4:Elev Cat 5   22.239 8.104   
Time 5:Elev Cat 5   24.446 8.104   
Time 6:Elev Cat 5   25.313 8.086   
Random Factors Variance  Variance  Variance  
Time:Ind 37.329  43.17  108.08  
Ind 8.545  10.15  18.02  
Residual 70.637  52.35  141.13  
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Table B3:  Pre-dawn measures of  Fv/Fm  for three oak species 
 June 2011 July 2011 August 2011 September 2011 October 2011 
Quercus chapmanii 0.83 (0.0012) 0.82 (0.0012) 0.83 (0.0012) 0.82 (0.0019) 0.81 (0.0023) 
Quercus geminata 0.82 (0.0010) 0.82 (0.0010) 0.83 (0.0015) 0.82 (0.0017) 0.81 (0.0019) 
Quercus myrtifolia 0.81 (0.0013) 0.80 (0.0024) 0.82 (0.0018) 0.80 (0.0028) 0.80 (0.0020) 
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Table B4:  Estimates and standard errors for the linear mixed effects models that show the 
response of electron transport rate (ETR) to time of sampling (Time).  
 Quercus chapmanii Quercus geminata Quercus myrtifolia 
 ETR 
Fixed Factors Estimate SE Estimate SE Estimate SE 
Intercept 137.132 4.021 158.017 4.878 93.883 7.510 
Time 2 -15.733 5.201   19.935 8.067 
Time 3 -15.340 4.922 -8.362 5.772 8.846 8.118 
Time 4 -7.916 4.736 28.590 5.820 27.855 8.004 
Time 5 -9.121 4.867 28.642 5.713 32.392 8.052 
Time 6 -20.726 4.941 16.087 5.941 31.736 8.021 
Random Factors Variance  Variance  Variance  
Time:Ind 96.28  284.6  141.2  
Ind 35.24  188.2  44.8  
Residual 834.09  1053.5  803.0  
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Table B5:  Estimates and standard errors for the linear mixed effects models that show the 
response of photochemical reflectance index (PRI) and normalized difference vegetation index 
(NDVI) to time of sampling (Time) and elevation . 
 Quercus chapmanii Quercus geminata Quercus myrtifolia 
 PRI 
Fixed Factors Estimate SE Estimate SE Estimate SE 
Intercept -0.026 0.005 -0.042 0.003 -0.034 0.004 
Time 2 -0.009 0.006 0.002 0.004 -0.014 0.007 
Time 3 -0.018 0.005 0.003 0.004 -0.005 0.005 
Time 4 -0.025 0.005 -0.005 0.004 -0.031 0.005 
Time 5 -0.041 0.005 -0.006 0.005 -0.026 0.005 
Time 6 -0.084 0.005 -0.039 0.004 -0.084 0.005 
Time 7 -0.098 0.005 -0.0310 0.004 -0.087 0.005 
Time 11 -0.057 0.006   -0.080 0.006 
Time 12 -0.052 0.005 -0.009 0.004 -0.032 0.007 
Time 13 -0.070 0.007 -0.013 0.004 -0.048 0.005 
Time 14 -0.062 0.005 -0.018 0.004 -0.066 0.006 
Time 15 -0.103 0.005   -0.064 0.005 
Time 16 -0.089 0.005 -0.027 0.004 -0.057 0.005 
Random Factors Variance  Variance  Variance  
Time:Ind 0.00015  0.00013  0.0002  
Ind 0.00030  0.00011  0.0002  
Residual 0.00117  0.00073  0.0011  
Fixed Factors NDVI 
Intercept 0.450 0.010 0.743 0.078 0.177 0.080 
Elevation   -0.105 0.027 0.079 0.027 
Time 2 -0.009 0.010 -0.132 0.091 0.027 0.011 
Time 3 -0.002 0.009 -0.123 0.090 0.031 0.008 
Time 4 -0.030 0.009 -0.234 0.090 0.006 0.008 
Time 5 -0.040 0.009 -0.148 0.097 0.002 0.008 
Time 6 -0.068 0.009 -0.256 0.087 -0.021 0.008 
Time 7 -0.088 0.009 -0.265 0.088 -0.025 0.008 
Time 11 -0.033 0.011   -0.048 0.009 
Time 12 -0.026 0.008 -0.064 0.090 0.008 0.011 
Time 13 -0.048 0.012 -0.175 0.088 0.015 0.008 
Time 14 -0.047 0.009 -0.245 0.090 0.022 0.009 
Time 15 -0.093 0.009   0.023 0.008 
Time 16 -0.112 0.009 -0.140 0.090 0.032 0.008 
Time 2:Elevation   0.066 0.032   
Time 3:Elevation   0.063 0.031   
Time 4:Elevation   0.101 0.031   
Time 5:Elevation   0.076 0.034   
Time 6:Elevation   0.105 0.030   
Time 7:Elevation   0.112 0.031   
Time 12:Elevation   0.046 0.031   
Time 13:Elevation   0.090 0.030   
Time 14:Elevation   0.119 0.031   
Time 16:Elevation   0.081 0.031   
Random Factors Variance  Variance  Variance  
Time:Ind 0.00068  0.00046  0.00052  
Ind 0.00191  0.00043  0.00063  
Residual 0.00239  0.00153  0.00201  
 
